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Kosmos 60 is today the most talked about 


furnace black for reinforcing natural and synthetic 


rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York ® Akron © Chicago © Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 





WITCO- 
CONTINENTAL 

DOES IT = 

AGAIN! 


25,000,000 pounds of SRF black 


per year from new facilities 


TO Serve YOu BETTER... Witco-Continental has further expanded its furnace 
black production facilities. This photograph shows the just-completed furnaces 
at our modern plant at Eunice, New Mexico. To meet the increasing needs of 
the rubber industry, Witco-Continental’s carbon black production has been 
boosted more than 100% over the past 5 years. The new additions to our Eunice 


plant are now on full stream...to serve you better! 


36 Years of Growth 


WITCO CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 


122 East 42nd Street, New York 17, N.Y. 


Chicago ¢ Boston « Akron * Atlanta » Houston « Los Angeles + San Francisco 
London and Manchester, England 





Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at special rate of postage provided for in paragraph (4-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940 
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PHILBLACK’ passes rigid 
inspections for uniformity! 


There’s no “grab-bag’”’ uncertainty 
when you use the Philblacks. You 
know what you’ re getting every time. 
That’s because the Philblacks are 
manufactured to high standards of 
uniformity from carefully controlled 
feed stocks. 

Constant quality controls .. . 
evaluation tests .. . checks and re- 
checks in the plant and also in the 
Philblack laboratories, during the 
entire process of production, assure 
you of accurate, uniform results when 
you use Philblack in your recipe. 

The Philblacks are famous for 
their versatility. If you need a spe- 
cial characteristic in your finished 
product, a Philblack is right for 
your purpose. Your Philblack tech- 
nical sales representative will be glad 
to help you. Call on him for infor- 
mation and assistance with your 
carbon black problems. 

*A trademark 


Meer the Prilblacks/ 


DISCOVER WHAT THEY'LL DO FOR YOU! 


Philblack A FEF Fast Extrusion Furnace Biack 
Ideal for smooth tubing, accurate molding, satiny finish. 
Mixes easily. High, hot tensile. Disperses heat. Non-staining. 


Philblack | ISAF intermediate Super Abrasion Furnace Biack 
Superior abrasion resistance at moderate cost. Very high re- 
sistance to cuts and cracks. More tread miles at high speeds. 


Philblack © HAF High Abrasion Furnace Biack 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philbiack E SAF Super Abrasion Furnace Black 
Toughest black on the market. Extreme abrasion resistance. 
Withstands aging, cracking, cutting and chipping. 


Wilidie PHALIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio. 
66 Export Sales: 80 Broodway, New York 5, N. Y. 
West Coast: Harwick Stondard Chemical Company, Los Angeles, California. 
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for improved Mold Fiow 
and Fewer ‘‘Seconds” 


The delayed action of Sharples ETHYLAC cures assures 
better mold flow, with complete and accurate molding 
This results in « sharp decresse in “seconds 


When ETHYLAC is used in fastcuring molded goods, 
fewer rejects are encountered and quaLty of the finished 
product is materially improved 

o 


Technica! information and semples are available on request 
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PRODUCT 
DESERVES 














Du Pont 
Rubber 


Chemicals 


DEPENDABLE IN PERFORMANCE 


-»» UNIFORM IN QUALITY 





E. IL. du Pont de Nemours & Co. (Inc.) 
Elastomers Division 


"te uv 6 wat OFF 


SETTER THINGS FOR SETTER LIVING 
«++ THROUGH CHEMISTRY 





ACCELERATORS 


Acce RY 


ANTI-OXIDANTS 


Abr 
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BLOWING AGENTS 
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PEPTIZING AGENTS 


RPA IN 
RPA? 
RPAT 


RECLAIMING CHEMICALS 

SPECIAL-PURPOSE CHEMICALS 
Barak — Accele ng 
' HELIOZONE 


Copper inhibitor x-872- "9 
t mhibits 3° ’ > NBC 
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retarder 
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DISTRICT OFFICES; 
Akron 8, Ohio, 40 E. Buchtel Ave 
Atlanta, Ga., 1261 Spring St., N.W 
Boston 10, Mass., 140 Federal & 
Chorlotte, N.C. 427 W. 4th St FRanklin 5-5561 
Chicago 3, ill., 7 South Dearborn S ANdover 3-7000 
Detroit 35, Mich,, 13000 W, 7-Mile Rd.......UNiversity 4-1963 
Houston 25, Texas, 1100 E. Holcombe Bivd JAckson 86-1432 
Los Angeles 58, Calif., 2930 E. 44th St LOgeon 5-6464 
Trenton 6, N. J. 1750 N. Olden Ave... -EXport 3-7141 

in New York coll WAlker 5.3290 
in Conode contact: Dy Pont Company of Canada Limited, 
Box 660, Montreal, 


POrtage 2-8461 
TRinity 5-5391 
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On the lighter side of life! 


In the life of vinyl flooring, much depends upon the 

permanence of the plasticizer used. Because of its com- 
; patibility and nonmigratory nature, nitrile rubber is 
a frequently employed. 


‘2, Until recently, however, the darkening of nitrile rubber 
wi, with age and exposure to sunlight, made it difficult to 
maintain the much-wanted light colors. But now the 

futureof flooring—and many other products—has been con- 

siderably lightened and brightened by CHEMIGUM N-6B. 


CHEMIGUM N-6B is a new, cream-colored, nonstaining, 

nondiscoloring rubber of medium acrylonitrile content. 

Through a new stabilization system, CHEMIGUM N-6B 

_ displays unusual resistance to aging, ultra- 

(ala liett violet light or photochemical degradation, 

GOOD*YEAR without sacrifice of the properties associated 

with the established types of CHEMIGUM. 

For details and the latest Tech Book 

Rubber & Bulletin, write to: Goodyear, Chemical Diy., 
Rubber Chemicais Department Akron 16, Ohio. 


DIVISION 


Chemigum, Plictex, Pliclite, Plio-Tuf, Piiovie —T. M.'s The Goodyeer Tire & Rubber Company, Akvon, Obie 
CHEMIGUM «+ PLIOFLEX + PLIOLITE + PLIO-TUF + PLIOVIC + WING-CHEMICALS 


High Polymer Resins, Rubbers, Latices and Related Chemicals for the Process Industries 
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Announcing 


VA-7 





an economical vulcanizing agent 


for heat-resistant, non-blooming stocks 


VA-7 is a new liquid vulcanizing agent for all 
types of unsaturated elastomers. It provides 
economical “ sulfurless” cures for nitrile, 
GR-S and natural rubber stocks. 

Stocks compounded with VA-7 display an 
outstanding combination of heat aging resis 
tance high tensile strengths .... good 
hot compression set resistance . . and non- 
blooming characteristics in the cured and 
uncured states. 


CHECK LIST OF VA-7 PROPERTIES 


Outstanding heat aging resistance 
Non-blooming in cured or uncured state 
High strengths at low concentrations 
Easy and uniform dispersion 
Good hot compression set 
Moderate price 


VA-7 also offers processing advantages—it 
can be dispersed more easily and uniformly 
than sulfur. Stable emulsions for curing 
latices can easily be prepared from VA-7. 

The moderate price of VA-7 is another 
feature that makes this product worth your 
investigation. Try VA-7 for heat-resistant, 
non-blooming stocks at reasonable cost! 

For compounding information and a sample 
of VA-7 fill out and mail the handy coupon. 


CHEMICAL ¢ 
780 N. Clinton Avenue 
Trenton Fo New Jersey 


Please send me compoun 


ond a sample of VA-7 | 7 information oO 
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Philprene 


wants to help with 
your rubber problems 


Maybe you have used rubber compounds for 
years, or perhaps you're a comparative new- 
comer in the field. In either case, our laboratory 
and plant studies of various rubber compounds 
... their characteristics, advantages, behavior 
under different temperatures and varying con- 
ditions . . . can be of benefit to you. 


In addition, our technical representative will 
be glad to help with your special rubber prob- 
lems. Phillips practical experience with rubber, 
backed by the latest laboratory research and 
testing techniques, can help you use PHILPRENE 
more efficiently . . . and therefore more profit- 
ably. This service is free, of course. 





CURRENT PHILPRENE RUBBERS 
POLYMERS PHILBLACK* MASTERBATCHES 








PHILPRENE 0 
PHILPRENE PHILPRENE 1018 


PHILPRENE PHILPRENE 1019 
PHILPRENE NOTE: PHILPRENE 


(019 AND 1503 ARE 
ESPECIALLY DESIGNED PHILPRENE 1601 
FOR THE WIRE PHILPRENE 1605—Philblack A 
PHILPRENE AND CABLE INDUSTRY) cold rubber masterbatch 








PHILPRENE 
PHILPRENE 








PHILPRENE 1703 PHILPRENE 1712 PHILPRENE 1803 


PHILPRENE 1708 25 parts Philrich® 5 




















*A Trademark 


PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio 
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faut Le A 


-«. What goes on? 


Are you letting your competition take advantage of you? In these 
days of stiff competition you’ve got to keep costs down to operate 
profitably. Why not use the bes: . . . take advantage of the savings 


offered by TEXAS CHANNEL BLACKS. 


TEXAS “E’ AND TEXAS “M” enable you to lower your material 
costs without decreasing quality. Use them alone or in blends with 
higher priced blacks. 

TEXAS CHANNEL BLACKS are produced in Sid Richardson Car- 
bon Company's own plant (the world’s largest). Our own nearby 
natural resources assure continuing deliveries to fill our customers’ 


needs. 


ry 
EF 


Sid Richardson 


C AR BO iN COS 


GENERAL SALES OFFICES 
EVANS SAVINGS AND LOAM BUILDING 
annon t OWi0 
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Looking for a cost cutting, 
quality building 


miracle additive ? 


ue VEL SICOL 


hydrocarbon resins 


to make better rubber 


products, build 


quality and cut costs! 


PHYSICAL 
PROPERTIES 


Type 


Form 

Specific Gravity @ 60°F 
Weight per galion @ 60°F (Ibs 
Bulking Value @ 60°F 
Softening Point (Ball and Ring 
Color (Coal Tar Scale 

Acid No 

Saponification No 


*Color: Gardner: 10-11; Rosin Scale: |-K 


GE-9 


Thermoplastic 
Hydrocarbon 
Solid or Powder 
1.13-1.15 
9.41-9.58 
0.1044-0.1052 
220°-230°F 
20-22 
0-2 
0-2 


Here are the facts! 


AB-11-4 


Thermoplastic 
Hydrocarhon 
Solid or Flaked 
1.09-1.02 
9.08-9.33 
1074-0.1102 
220° -230°F 
34-44% 
0-2 
0-2 


X-30 


Thermoplastic 
Hydrocarbon 


Solid or Flaked 


210°-220°F 
14 -2* 
0-2 
0-2 


These resins also have exceptionally good electrical insulation properties, because they are hydrocarbon polymers 
Compatible with a variety of natural and synthetic rubber compounds 


FOR: battery cases, electrical insulation, rubber shoe soles and heels, rubber floor tiling gaskets and jar 
rings, hard rubber compounds, tubular compounds, mechanical goods, rubber adhesives and cements 
reclaimed rubber, molded rubber products, colored rubber stocks 

ADVANTAGES: better milling, calendering, and tubing; more uniform cures, non-scorchy stocks; greater 

toughness, hardness, resistance to tearing, aging and abrasion, improved tensile strength 
and elongation; lower raw materials costs 


Write for 
Technical Bulletin 218. 


VELSICOL 
CHEMICAL CORPORATION 
Dept. 9% 330 East Grand Ave., Chicago 11, Ilinols 
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RUBBER COMPOUNDERS: Do you know you can 


SAVE 
1200" 


per carload 
on resin costs 


with PANAREZ 
HYDROCARBON RESINS | 


If you compound rubber, low cost PANAREZ hydrocarbon resins offer definite advan- 
tages. These softeners are available in any color from Barrett No. 1 to 18, and softening 
point from 40°F. to 300°F, They,are supplied in flaked or solid form. Immediate delivery. 


Compounds containing PANAREZ RESINS 


show these characteristics: 


@ Improved color and color stability @ Improved ozone resistance 
@ Improved extrudability @ Improved tear resistance 

e@ Improved flex-crack performance @ Improved tensile strength and 
@ Improved abrasion resistance elongation 


PRODUCT OF 
No change in compounding technique is required when 


swilching lo Panarez resins Mae. 


For samples and detailed information, write us, telling the 
intended application 


PAN AMERI N 


corR fF 


555 FIFTH AVENUE, NEW YORK 17. N.Y. 


0 
PANAREZ itmemiendeaton oils PO 2 


Natty? 
, is 
TE 


ne 
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Helping You Develop Your Ideas 
For Rubber Formulation Is Our Business 


New ideas can be the most practical, 
too. Formulations—like ideas—should 
change with the times. Like this idea 
that one rubber processor had that his 
tread stock pore Y be improved. 


The Problem: Produce GR-S/HAF 
black tread stock with maximum re- 
sistance to ozone under dynamic and 
static conditions. 


Here's What Monsanto Compounders 
Did: Compounded a GR-S 1500/HAF 
black tread stock with Santoflex* AW 
alone and in combination with Flectol* 
H, Santoflex DD and three other com- 
mercial antioxidants. The stocks were 
also checked after the addition of 
paraffin. 


The Results: Without exception, a stock 
with 2 parts of Santoflex AW proved 
most practical under dynamic or static 
exposure tests both in the ozone test 
chamber and in outdoor exposure. Par 
affin was shown to add measurably to 
static ozone resistance without seri 
ously harming the cracking under 
dynamic conditions. 


Helping you get superior processing 
and product performance is the only 


way we can sell. So call upon 30 years 
of experience in helping chemically to 
make rubber processing more efficient, 
rubber products better. If you think 
your tonnage is too small for a special 
research project, don’t hesitate to talk 
it over with Monsanto. Among the 
18,000 or so special reporta—the answer 
to your problem may already be at hand. 
Just call, wire, or write: MONSANTO 
CHEMICAL CO., Rubber Chemicals 
Dept. RC-2 (Telephone: HEmlock 
4-1921), Akron 2, Ohio. 

"Reg. U. 5. Pot. OF 


Accelerators + For fast, slow, and requiated 
rates of safe re 


Antioxidants + For maximum oxidatior 
resistance 
Te ee a ee ae 


processing problems 


MONSANTO 
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ee CXLANANID 


ACCELERATORS 
Thiazoles 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined — 
Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidines 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 
ANTIOXIDANTS 
Antioxidant 2246® 
Antioxidant 425® 


PEPTIZERS 
Pepton® 22 Plasticizer 
Pepton® 65 Plasticizer 


RETARDER 
Retarder PD 
SULFUR 


Rubber Makers’ Grades 
*Trade-mork 


ae CYANARMID — 


AMERICAN CYANAMID COMPANY 
RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY 








SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron 
Chemical Company, Akron, Ohio « H, M. Royal, inc., 
Trenton, N. J. « H. M. Royal, inc., Los Angeles, Calif. « 
Ernest Jacoby & Company, inc., Boston, Mass. ¢ Herron & 
Meyer of Chicago, Chicago Ili*in Canada: St. Lawrence 
Chemical Company, Ltd., Montreal and Toronto. 
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for Down-to-Earth Wear 
in Off-the-Road Tires 


CABOT VULCAN’6 ond VULCAN'S” 


OFF-THE-ROAD TIRES require the cut-and-chip resist- 
ance of Cabot’s Vulcan 6 ISAF* or Vulcan 9 SAF** carbon 
blacks. For heavy duty tires that can withstand the roughest 
kind of off-the-road wear and tear, use Vulcan 6 or Vulcan 
9 in your rubber compounds. Both blacks are recommended 
for the manufacture of tires used in mining, logging, oil field, 
construction, and all other off-the-road operations where the 
going is “rough and tough.” 





CHANNEL BLACKS: Spheron 9 EPC © Spheron 6 MPC © Soheron C CC 

FURNACE BLACKS: Vulcan 9 SAF © Vulcon 6 ISAF ® Vulcan 3 HAF © Vulcan SC SCF 
Vulcan C CF @ Sterling 99 FF © Sterling SO FEF © Sterling V GPF © Sterling | HMF 
Sterling UL HMF © Sterling S SRF © Pelletex SRF © Pelletex NS SRF 

Sterling NS SRF © Sterling R SRF © Gostex SRF 

THERMAL BLACKS: Sterling FT © Sterling MT © Sterling MT-NS 











*Vulean 6 Intermediate Super Abrasion Furnace Black 
** Vulcan 9 Super Abrasion Furnace Black 


Free Samples, Technical Literature Available 


_a _ 
CABOT. GODFREY L. CABOT, INC. 
~~ 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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BUTYL 


Enjay Butyl is the super-durable rubber with outstanding resistance to 


aging « abrasion « tear « chipping « cracking « ozone and corona e 
chemicals « gases « heat « cold « sunlight « moisture 


Know the facts about fabulous BUTYL 


Here are some of the reasons for the rapidly 
increasing acceptance of Enjay Butyl for more 
and more rubber applications in more and 


more industries 


®@ Molded mechanical goods 


ere and auxiliary springs, « 


ke body bump 
it pe rform those 


made of natural rubber or GI-S types 


@ Good hot tear resistance reduces percent 
age of mold removal rejects, thus reduces 


costs 

@ Excellent adhesion is obtained to fabrics 
and metals 

@ Thermal interaction of Buty! with carbon 
black improves properties such as abrasion 


and resilience 


@ Non-stainin rades of Enjay Butyl do 
4 | 


not fade or discolor on exposure to light 
or weather 


Moldings and extrusions do not crack from 
sunlight or weather exposure and they re- 
tain new appearance and performance 
longer 


Has excellent electrical properties plus 


resistance to ozone, corona, moisture ab- 


sorption and abrasion, that is outstanding 


tesiste both heat and aging in high voltage 
insulation compounds 


@ Low cost immediate availability. 


Get all the facts by writing or calling the 
Enjay 


j Complete laboratory and 
testing facilities are at your service 


Company 


Pioneer in Petrochemicals 


ENJAY COMPANY, INC., 15 West 51st Street, New York 19, N. Y. 


Other offices: Akron « Boston « Chicago + Los Angeles + Tulsa 
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Raise Quality and Lower Costs With 


Neville Coumarone-Iindene Resins 


Coumarone-indene resins by assist yours in selecting the proper 
Neville have become standard in one for your purpose. Use the cou- 
the processing of rubber for an pon to write for further informa- 
ever-increasing variety of prod- tion. 

ucts in ever-greater volume 

throughout the years. Here’s why. Neville Chemical Company 
Users find that Neville gives them Pittsburgh 25, Pa. 
constant good quality and fast 
service, and they save production 
time and costs and produce better Resins — Coumarone-indene, 
products when they use coumarone se onset org reve we 
resins. Also, Neville has a broad SUR CTER SEIN, SEM 


. . Alkylated Phenol ¢ Olls— Shingle 
variety of these ideal extender- Stain, Neutral, Plasticizing, Rubber 


plasticizers in various grades and Reclaiming @ Selvents—2-50 W 
melting points to suit every prod- Hi-Flash, Wire Enamel Thinners. 
uct need. Our chemists will gladly 














Please send information on Neville Chemicals. 
NAME TITLE 
COMPANY 


ADDRESS 


ciTy 





For 
Accelerators, 
Activators, 
Anti-Oxidants 
and 

Special 
Rubber 


Chemicals 


TRY 
NAUGATUCK 





NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 
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ACCELERATORS 

THIAZOLES — 
M-B-T 
M-B-T-S 

THIURAMS — 
MONEX*T 
MORFEX 
PENTEX* 

DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*T 
BUTAZATE* METHAZATE*T 
ETHAZATE-50D 

ALDEHYDE AMINES — 
BEUTENE* 
TRIMENE*® 

XANTHATES — 
c-P-8* 

ACTIVATORS 
VULKLOR 
D-B-A 


ANTI-OXIDANTS 
AMINOK* B-L-E* 
ARANOX* B-X-A 
V-G-B* FLEXAMINE 
OCTAMINE* BETANOX* Special 


SPECIAL PRODUCTS 
BWH.! SUNPROOF® improved 
CELOGEN SUNPROOF™ Junior 
CELOGEN-AZ SUNPROOF* —713 
E-S-E-N SUNPROOF® Regular 
LAUREX* SUNPROOF® Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 
DDM — modifier 


THIOSTOP K&N — short stops 
POLYGARD — stabilizer oRcs. U. 8 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
latices 


O-K-A-F 


TUEX? 
ETHYL TUEXt 


HEPTEEN BASE* 
TRIMENE BASE* 


Z-8-x* 


DIBENZO G-M.-F 
G-M-F 


Pat. Of 


Write, on your letterhead, for technical data 
or assistance with any Naugotuck product. 


trhese products furnished either in powder form or fost 


dispersing, free-flowing NAUGET 


Naugatuck Chemical 





performance. 
Division of United States Rubber Company 
Naugatuck. Connecticut 
IN CANADA NAUGATUCK CHEMICALS DIVISION 


Dominion Rubber Company, Limited, Elmira, Ontario 


RUBBER CHEMICALS « SYNTHETIC RUBBER e« PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER « LATICES ¢ Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in......f 


For products requiring 

excellent electrical properties 

and for those items designed for 
low moisture absorption, 
NAUGAPOL, butadiene-styrene 
copolymers, ‘Specially Processed” 
during the finishing operation, is the 
best obtainable. 


END USES 
Standard grade facune 
and cable and mechanical 


goods. 
Spssetinned p nd cable vies 
shaded erchs 


Stondard grade for wire 
and cable and mechanical 
goods. 


content, Wire 


Standard grade for wire. 
and cable and mechanical 
Low content. Wire 
and and mechanical 


For technical data, femention or eneietanes that will help you in process- 
ing of your rubber compounds, write to us on your company letterhead. 


Naucdgatuck Chemical 
Ss dg 


Division of United States Rubber Company 
Naugatuck, Connecticut 





IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario « Cable Address Rubexport, NY 
Rubber Chemicals * Synthetic Rubber * Plastics * Agricultural Chemicals * Reclaimed , ubber + latices 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


IF YOU PROCESS USE | BECAUSE 
[RRR LIST I SEREUERIS Tg 


New low cost! Low 
Oll EXTENDED : staining properties 
POLYMERS on white goods 
GR-S TYPES 1703 CIRCOSOL-2XH Improves GR-S re 
1707 bound. Constant 
1708 uniformity assures 
1801 minimum down- 
grading 





Ol EXTENDED Versatile. Highly 
il compatible with 

GR-S TYPES 1705 SUNDEX 53 natural rubber, re 

ae claims, GR-S types 








Cost of d 
NEOPRENE WHY SUNDEX-53 =| comparable low. 


cost elastomers. 





ov ae ner sense ee er - nee 


True softening by 


REGULAR NEOPRENES | CIRCO LIGHT :. Clean aes 


and | RUBBER in rubber struc- 


ture. Large quan- 


NATURAL RUBBER PROCESS-AID tities absorbed 


without blooming 








To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun's latest Technical Bulletin describing any of the above 
products. Address SUN O1L CoMPANY, Philadelphia 3, Pa., Dept. RC-7. 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 
IN CANADA: SUN OjL COMPANY, LTD., TORONTO AND MONTREAL 
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VOLUME XXIx . NUMBER THREE 


RUBBER CHEMISTRY 





AND TECHNOLOGY 


PUBLISHED QUARTERLY 8 THE 
DIVISION OF RUBBER CHEMISTRY 
OF THE AMERICAN CHEMICAL SOCIETY 
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CARBON BLACKS 


jor RUBBER COMPOUNDING ——=, 


ISAF (atermediate Super Abrasion Furnace) 
STATEX*125 


HAF (Wigh"Abrasion Furnace) 
STATEX-R 


MPC. (Medium Processing Channel) 
STANDARD MICRONEX® 


EPC (Easy Processing Channel) 
MICRONEX W-6 


FF (Fine Furnace) 


STATEX-B 


FEF (Fast extruding Furnace) 
‘STATEX-M 


HMF (High Modulus Furnace) 
STATEX-93 


SRF (Semi-Reinforcing Furnace) 
FURNEX® 


S « COLUMBIAN COLLOIDS - 


COLUMBIAN CARBON COMPANY 
380 Madison Ave. New York 17, N.Y. 
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FUTURE MEETINGS 


Meeting City Hotel Date 


1956 Spring Cleveland Cleveland May 16-18 
1956 Fall Atlantic City Chalfonte-Haddon Hall September 19- 
1957 Spring* Montreal Sheraton-Mt. Royal May 15-17 
1957 Fall New York Commodore September 11- 
1958 Spring Cincinnati Netherlands Plaza May 14-16 
1958 Fall Chicago Sherman September 10 
1959 Spring Buffalo Statler May 13-15 
1959 Fall Atlantic City = September 16-18 


* Joint meeting with the Rubber Division of the Canadian Institute of Chemistry 
** Hotel not yet assigned by the American Chemical Society 


NEW BOOKS AND OTHER PUBLICATIONS 


ENCYCLOPEDIE TECHNOLOGIQUE DE L’INDUSTRiE DU CAOoUTCHOU! Vol- 
ume III. Edited by G. Génin and B. Morisson. 8. R. L. Dunod, Paris 
1956. Cloth, 64 10 inches, 614 pages.—This is the third volume of a four- 
volume work, and is the first of the four volumes to be published. Volume I 


will deal with the manufacture and properties of natural and synthetic rubbers, 
Volume II with compounding, compounding ingredients, and testing, and Vol- 
ume IV with pneumatic tires, inner tubes, and the direct use of latex. 

The present volume includes rubber products other than tires and tubes and 
consists of twenty-four chapters: conveyor and transmission belting; hose; 


- bonding rubber and ebonite to metals; rubber rolls; extrusion 
and extruded products; expanded rubber; sponge rubber; ebonite; bootsa and 
shoes; soles and heels; proofed fabrics; 


’ 


molded articles ; 
flooring; wires and cables; tennis and 
golf balls; surgicals, sports and games; rubber thread; erasers; rubber-bonded 
abrasives; rubber jointing; elastic couplings and mountings; rubber in military 
protective equipment; industrial protective clothing; and adhesives 

Nearly every chapter is by a different author or authors, so that the book 
benefits from the specialized knowledge of the contributors. 

As a whole the book embodies much useful material, particularly from the 
practical angle, and it is probably the most comprehensive work extant on 
rubber goods excluding tires and tubes, which will be included in Volume IV 
[From the Rubber Journal. ] 


Volume IV. Edited by G. Génin and B. Morisson. 588 pages.—Volume 
IV is concerned with two subjects: tires and uses of latex. Under tires, the 
history, fabrication, techniques of testing, reinforcement, and repairing of tires 
are dealt with. Under latex, both natural and synthetic, chapters treating 
compounding ingredients, molding, sponge production, latex adhesion, latex 
paints, electric wires and cables, analyses, and testing are included, among 
others. 





The articles were written mostly by French specialists in the field, based 
primarily on the operation and achievements of the French rubber industry. 
The intent of the work is to cover both the industrial and theoretical points of 
view. The volume is illustrated with photographs, graphs, and data tables. 
[From the Rubber World. | 


PotyMeR Processes. Edited by C. E. Schildknecht. High Polymers, 
Volume X. New York and London: Interscience Publishers, 1956, xvii+914 
pp. 156s. Od. net; 1588. Od. post free.—This further volume in the series is 
concerned with the preparation, formulation and processing of plastics, syn- 
thetic rubbers, fibers and adhesives, with special emphasis on recent techniques, 
and has been written particularly with a view to bridging the gap between 
theory and practice. The book is the work of twenty contributors, fifteen 
from the USA, two from Sweden, and one each from England, Canada and 
Germany. The editor, C. E. Schildknecht, of the Stevens Institute of Tech- 
nology, Hoboken, N. J., is also one of the contributors. 

The first six chapters are devoted to various methods of polymerization 
free radical polymerization, ionic polymerization and polymerization in bulk, 
in suspension, in emulsion and in solution. The subjects of the remaining 
twelve chapters are as follows: Polyamides and polyesters; condensations with 
formaldehyde; cellulose and cellulose derivatives; epoxy resins; polysulfide 
polymers; new adhesives; stabilization of polymers; polymer pastes; polymer 
latexes ; compounding and processing of synthetic rubbers and resins; reinforce- 
ment of polymers; and spinning and drawing of synthetic fibers. The book 
contains many hundreds of references to literature and patents. 

The three chapters likely to be of greatest interest to rubber technologists 
are those on (1) compounding and processing of synthetic rubbers and resins, 
by G. 8. Garvins of the B. F. Goodrich Chemical Co.; (2) polysulfide polymers, 
by EK. M. Fettes and J. 8. Jorezak, of the Thiokol Chemical Corporation; and 
(3) polymer latexes, by G. J. Antlfinger and N. H. Sherwood, of the B. F. Good- 
rich Chemical Co. Several pages are devoted to rubber-resin adhesives. 
Emulsion polymerization occupies a 60-page chapter by H. L. Williams of 
Polymer Corporation, Ltd., several hundred copolymers, as well as homopoly- 
mers and terpolymers, which have been prepared in emulsion systems being 
listed. [From the Rubber Journal. | 


PritvunGcspucn Frtir KAvuTscHuK UND KUNSTSTOFFI Edited by K. Frank. 
Stuttgart: Berliner Union G.m.b.H., 1955, pp. 119. DMIS8; 36s. Od. post free 
from London.—This handy volume is a survey of methods and apparatus for 
physical testing and is chiefly, although not exclusively, concerned with German 


equipment. Nearly half the book is devoted to vulcanized rubber and covers 


both static and dynamic mechanical testing, electrical testing, accelerated 
aging tests and the testing of ebonite. The two other principal sections of the 
book deal with the testing of raw rubber and of plastic films, while there are 
three short sections covering the testing of compounded unvulcanized rubber 
and finished rubber products, and instruments for optical tests. A list of 
ASTM and German DIN standards for testing rubber and a bibliography of 
165 references to books and articles on the subject of rubber testing are included. 
The book is well produced and is liberally illustrated with over a hundred clearly 
reproduced photographs and diagrams. English readers will find the book use- 
ful as a source of information on German test methods and apparatus. [From 
the Rubber Journal 





RUBBER IN AUTOMOBILE ENGINEERING. By R. Dean-Averns. Published 
by the Natural Rubber Development Board, London, England. Available in 
the U.S. from the Natural Rubber Bureau, 1631 K St., N.W., Washington 6 
D. C. 5} K 82 in. 216 pp. 75c.—This new book by the noted British auto- 
motive engineer R. Deans-Averns is one of the most comprehensive on the 
subject ever published. The author compiles in one volume a cross-section of 
detailed information that has work-a-day value for every automotive engineer. 
Over 100 illustrations and diagrams supplement the text. The book, which is a 
survey of the numerous uses of rubber in the automobile, with special emphasis 
on design considerations, gives a complete summary of the uses of rubber in 
the automobile industry, from the theoretical principles of construction to 
examples of their application in many different makes of vehicles. The author 
covers such aspects as engine vibration problems; suspension systems; the 
pneumatic tire ; rubber in units attached to the body or frame; rubber in electical 
fittings, hose, seals, etc.; rubber in body building and mounting; rubber in door 
mounting, glazing, panels, flooring, and seating. From the Rubber Age of 
New York. | 


Tue Perroteum Acips AND Bases. H. L. Lochte and E. R. Littmann 
London: Constable and Co., Ltd., 1955, pp. 368. 50s. Od. net.—Naphtheni 
products are used in various ways connected with the rubber industry—for 
example, the acid is an intermediate in the manufacture of rubber chemicals, 
copper naphthenate is used as preservative for textiles, and naphthenic oils are 
used as processing aids and reclaiming oils. For this reason, therefore, a book 


about naphthenic acids and petroleum bases should have some interest within 


the industry, although the approach is based mainly on the separation and 
chemistry of the products rather than on their applications. 

The main part of the monograph was written by Dr. Lochte, who, as Pro 
fessor of Chemistry at the University of Texas, is closely connected with the 
laboratory where most of the known naphthenic acids and all the known 
petroleum bases were isolated and identified. The chapters on the commercial 
isolation and applications of naphthenic acids were contributed by Littmann 
of the Enjay Company, Inc. The book has additional value in that, as far as 
the petroleum bases are concerned, it is the first time that any attempt has been 
made to collect together the known facts about these materials.—-bB.J.W 
[From the Rubber Journal. } 


ASTM SrTanpARDS ON TexTILE Mareriats. 1956 Edition. American 
Society for Testing Materials, Philadelphia, Pa. 758 pages. Price, $5.75 
The latest ASTM tentative and standard methods of test, specifications, and 
definitions pertaining to textile materials are included in this volume. Of the 
118 standards and tentatives, 22 are new or revised since the last edition 
Thirteen appendexes cover several proposed methods and recommendations 
{From the Rubber World. ] 


Tue Systematic IDENTIFICATION OF OnGANIC CompouNpDs: A LABORATORY 
Manuva. (4th Edition.) By Ralph L. Shriner, Reynold C. Fuson, and 
David Y. Curtin. Published by John Wiley & Sons, Inc., 440 Fourth Ave 
New York 16, N. Y. 5} K Shin. 448 pp. $6.00.—The latest edition of this 
book includes reliable procedures for the preparation of numerous useful deriva 
tives of organic compounds, as well as up-to-date discussions of the most import 
ant types of organic reactions. To this edition, however, the authors have 





added a new chapter on infrared and ultraviolet spectroscopy, giving full indica- 
tions for their use with the common functional groups. The discussion of reac- 
tion mechanisms has also been greatly revised and newer theories employed 
extensively in the treatments of relative reactivities, physical properties, and 
“solubility” behavior. Subjects covered in the present edition include the 
identification of unknowns, preliminary examination, determination of physical 
properties, qualitative analysis for the elements, the solubility classes, applica- 
tion of classification tests, use of spectroscopic methods for functional group 
determination, the preparation of derivatives, tables of derivatives, the sepa- 
ration of mixtures, and introduction to the solution of structural problems. 
The book has 13 chapters plus an appendix and a cross-referenced subject 
index. [From the Rubber Age of New York. ] 


Tae Van Nostranp Cuemist’s Dictionary. Edited by J. M. Honig, 
M. B. Jacobs, 8. Z. Lewin, W. R. Minrath, and George Murphy. D. Van 
Nostrand Co., Inc., New York, N. Y. Cloth, 6 K 9 inches, 765 pages. Price, 
$10.—Planned to meet the needs of the chemist and the engineer, this dictionary 
contains more than 11,000 definitions of laws, equations, reactions, tests, solu- 
tions, laboratory apparatus, industrial processes, and equipment. Items are 
listed by both their proper names and common names for quick identification. 
The definitions are in accordance with the latest ACS nomenclatures and are 
systematically organized under a key-word plan that helps in cross-referencing 
the subjects. Here each word in a specific definition that is further defined 
elsewhere in the book is printed in bold-facetype. This plan permits the reader 
to correlate all information from the various sciences on a specific point, thus 
providing a well-rounded, integrated knowledge of the subject. [From the 
Rubber World. | 











CORAL RUBBER--A C/S-1,4-POLYISOPRENE 


F. W. STAVELY AND COWORKERS * 


Tue Finesrone Tire & Resser ( 


For over one hundred years scientists have been ende: 


synthetic rubber having the polymer structurs 
natural Hevea rubber. 

Our present synthetic rubber industry is based primarily on a copolymer 
of butadiene and styrene; however, polyisoprenes and copolymers containing 
isoprene have not been overlooked. 

GR-S type rubbers are now extensively used and give an excellent account 
} 


of themselves in passenger tires and other products. It has, however, been 


generally recognized that these polymers are lacking in certain properties when 
compared to natural rubber. The more obvious of these deficiencies are high 
hysteresis, low gum tensile strength, and poor retention of physical properties 
such as tensile strength, at elevated temperature Thus, great effort was ex 
pended in the government-sponsored synthetic rubber program to improve 
these characteristics 

The limited improvement obtained from the very extensive studies made of 
emulsion polymerization systems, monomers, monomer ratios, and copolymers 
directed our attention to other polymerization systems. It was observed that 
polymer structure could be influenced more readily by means of ionic polymer 
ization systems with metal catalyst than by emulsion polymerization 

Therefore, a major objective was to find wa ind means of making a poly 
mer that would be similar chemically and structurally to natural rubber It 
was anticipated that, if such a structure could be achieved, then we might expect 
the physical properties to be similar to those of natural rubber. Substantial 
progress has been made in developing a polymer having these characteristics 

The term “Coral rubber” is used as a convenience in identifying these rub 
berlike polymers and was suggested by the physical appearance 
when formed under certain conditions 


SYNTHESIS OF CORAL POLYMERS 


I sopre ne purification Isoprene of high purity is purified further just 


to use by refluxing over sodium for 4 hours, followed by simple distillation 
then passed through a silica column just prior to use The isoprene is ke] 
of contact with air or moisture throughout the purification and polymer 
process. The air or oxygen on the silica is removed by use of a stream « 


free from oxygen 


* As coworkers of the senior author, the following were 
entire project: Polymerization —R. F. Dunbrook, L ormatr 
and L. B. Wakefield Rubber T echnology—G. Alliger, J. R. Ruse 
Microstructure-—J. L. Binder, M. J. Forster, E. E. Hanson, J 
ture—M. Barzan, R. D. Gates, and B. L. Johnson. Pilot 
Hanson, C. G. Mayes, A. Para, and F. M. Smith Anal ysis 
s reprinted from /nduatrial and Engineering Chemiatry, \ 
paper was presented before the Division of Rubber Chemist 
meeting in Philadelphia, November 2-4, 1955 


673 





674 RUBBER CHEMISTRY AND TECHNOLOGY 


Catalyst preparation.—The lithium metal catalyst is prepared by melting 
the metal immersed in vaseline or petroleum jelly and subjecting the molten 
mass to high-speed agitation in a specially designed apparatus. The entire 
operation must be carried out in a closed system under an atmosphere of inert 
gas (helium) and the container should be of stainless steel. The high speed 
stirrer is operated at 18,000 r.p.m. for about 30 minutes at 200° C. 

The catalyst is generally made as a 35 per cent dispersion consisting of 
metal particles having a mean diameter of 20 uw or a surface area of about 1 
square meter per gram. The vaseline which serves as a dispersing medium also 
protects the catalyst, which is highly pyrophoric. 

Lithium appears to be unique as a catalyst in the polymerization of isoprene 
in that it strongly favors the formation of cis-1,4-structure (with a trace of 3,4-) 
to the exclusion of trans-1,4- and 1,2-structural arrangements, while metals, 
such as sodium, potassium, cesium, and rubidium give primarily mixtures of 
cis- and trans-1,4-, 1,2-, and 3,4-structures. 

Polymerization.—Over 4000 pounds of Coral rubber has been produced in 
50-gallon reactors by various procedures. A simple recipe is as follows: 


Isoprene, parts 100.0 
Lithium, part 0.1 
Temperature 30-40° C 


Coral polymers can be made in the laboratory in (dry) glass bottles sealed with 
aluminum-lined crown caps. The catalyst dispersion may be added to the 
bottle by weight and the monomer by volume. The cap is placed loosely on the 
bottle and the monomer brought to a vigorous boil by placing on a heated sand 
bath. When 10 per cent of the charge has been vented, the bottle is rapidly 
sealed. This procedure, while generally satisfactory, does not give the repro- 
ducibility that can be obtained in closed systems where air and moisture can 
be excluded. 

The sealed bottle is placed on a wheel, immersed in water at constant tem- 
perature, and rotated. After an induction period, the charge goes through a 
period of thickening and finally becomes solid. The reaction continues for some 
time after the solid stage has been reached. At the end of the polymerization, 
all the monomer has been consumed, and there is a partial vacuum in the bottle. 
Alternatively, the charged bottle may be allowed to stand stationary in a con- 
stant-temperature bath until polymerization is complete. Ordinarily the 
static system requires a considerably longer time but is less hazardous. 

After polymerization has been completed, the cooled bottle is cut open and 
the polymer removed and soaked in isopropy! alcohol containing antioxidant 
and acetic acid to remove the catalyst. Three per cent of polymerized tri- 
methyldihydroquinoline (Agerite Resin D) is added on a wash mill as antioxi- 
dant. Water washing is resumed after addition of the antioxidant. The 
washed polymer is sheeted out and dried in vacuo in an oven at 50° C. The 
dried polymer is stored in polyethylene bags. 

Our first laboratory polymer, free from trans-1,4-structure and high in cis- 
1 ,4-structure, was available for some time before its reproduction was attempted 
in the pilot plant. Early pilot plant work was conducted in vapor phase at 60° 
to 80° C to minimize hazards and to control temperature. In order to use 
lower temperatures we changed to static liquid-phase procedures and were able 
to reduce the temperature to about 50° C. We then changed to agitated 
liquid-phase techniques and were able to reduce the temperature to 40° C. It 
now appears that the best procedure for producing mass polymers may be to 
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initiate the reaction at 40° to 50° C until a decided thickening of the liquid 
occurs, and then reduce the temperature. Once the initiation reaction has 
taken place, the propagation reaction may continue at lower temperatures and 
can be strongly exothermic during the latter stages. If not properly controlled 
the heat evolved may degrade the polymer; it can be sufficient to cause charring 

It appears currently that the important factors influencing the structure of 
the polymer are the purity of the components, the exclusion of moisture, oxygen 
or air, and oxygen-containing materials. As the purity of the monomer in- 
creases, it becomes much more reactive, even with traces of catalyst, and the 
reaction often proceeds with explosive violence 

Coral Polymer Stability.—Coral polymer, containing antioxidant, is more 
light sensitive in the unvulcanized state than Hevea rubber. A surface softness 
develops rather quickly when Coral polymer is exposed to direct sunlight. A 
somewhat similar condition develops on exposure to diffused light for longer 
periods. 

Although 3 per cent of Agerite Resin D is being used as a polymer stabilizer, 
it is not very effective as a light stabilizer. Other antioxidants and combina- 
tions of materials have not given as good light stability as that of natural rub- 
ber. A number of antioxidants appear to give good polymer stability when 
protected from light. For example, fifteen different Coral polymers, stabilized 
with 1 per cent of Santoflex BX (85 parts of 1,2-dihydro-2,2,4-trimethy!-6- 
phenylquinoline with 15 parts of N,N’-diphenyl-p-phenylenediamine) showed 
no appreciable change in Williams plasticity after aging in the dark for 1 year 
and 10 months. 

The thermal stability of Coral polymer and compounded stocks appears to 
be better than that of natural rubber. When 4-inch cubes of Hevea and Coral 


stocks, containing 50 parts of a reinforcing carbon black (HAF), are heated for 
1 hour in a molten metal bath! at temperatures from 170° to 270° C, the Hevea 
blocks begin to decompose at 165° C, about 30° C lower than the Coral blocks 
When Coral rubber and Hevea rubber are heated in a vacuum at 200° C, the 
rate of rupture of the Coral chain is significantly less than that of Hevea. The 
rates of degradation of Coral and Hevea were compared by the method of Wall, 
Brown, and Hart’. 


POLYMER STRUCTURE 


Macrostructure.—Coral rubber has been polymerized in the laboratory and 
pilot plant to an average molecular weight equivalent to or higher than that of 
the best grade of natural rubber. The molecular-weight distribution in Coral 
rubber is simiJar to that found in natural rubber. As a rule, mass polymeriza- 
tion at low temperature (0° C) produces polymers having very low gel content 
and high inherent viscosity. The molecular-weight distributions and molecular 
weight on breakdown are given in Tables I and II 

Microstructure.—The amounts of cis- and trans-1,4-, 1,2-, and 3,4-addition 
structures in Coral rubber were determined by an infrared spectroscopic method 
developed in these laboratories. The intensities of bands at 8.84, 8.68, 10.98, 
and 11.25 microns are measured to determine the amounts of the four types of 
additions, in the order given. The amounts of Hevea and balata in mixtures 
of various compositions can be determined by using the peak of a band at 8.84 
microns for Hevea (cis) and at 8.68 microns for balata (trans), respectively 
In Coral rubber there is no band at 8.68 microns and thus no trans-1,4-addition 
structure. The infrared spectra of films of Coral and Hevea rubber, illustrated 
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Tasie II 


BREAKDOWN CHARACTERISTICS OF CORAL AND NATURAL 
RuBBER ON MILLING 


Degree milled purific wt? 
Coral (A5-I), 50° C None 669,000 
20 pass ‘ 230,000 
Complete breakdown 178,000 
(dead-milled) 
Smoked sheet None 7. 680,000 
20 pass 2.3 265,000 
Complete breakdown } 141,000 
(dead-milled) 


* Polymer recovered after precipitation from toluene solution wit! 
‘Osmotic pressure measurement? 


in Figure 1, show that the two substances are very similar. The similarity of 
Coral and Hevea rubber is further evident from the differential infrared spectra 
of Figure 2. In this comparison the cell containing Hevea in carbon disulfide 
solution is the standard. The structural differences in the experimental poly 
mers are shown as deviations from the straight line at 100 per cent transmit 
tance. Transmittance of less than 100 per cent results from those structural 
features in which the experimental polymer predominates and transmittance 
of more than 100 per cent from those in which Hevea predominates 

The microstructures of several Coral rubbers, recorded in Table III, are typ 


ical of many individual polymers that have been analyzed by this procedure 


The trans-1,4-configuration and 1,2-addition are absent in all these polymers 
X-Ray Diffraction Evidence of Coral Rubber Microstructure.—Coral rubber 
exhibits the characteristic x-ray diffraction pattern of Hevea rubber, which 
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| Infrared spectra of Coral and Hevea rubber films 
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Fie. 2 Differential infrared spectra of other polyisoprenes vs. Hevea 
5 i 5 


indicates a striking similarity in the microstructures of the crystalline compon- 
ents 

All x-ray diffraction fiber patterns obtained for Coral rubbers are identical, 
except for intensity. Therefore, it is concluded that the crystalline component 
of the stretched Coral polymers has primarily a head-to-tail sequence of cis-1,4- 


Tass Ill 


MICROSTRUCTURES OF POLYISOPRENES 
(Based on Hevea 97.8% cis 1,4- and 2.2% 3,4 
Distribution of do uble bonds (%) Unsaturation 
determined 
Trane-1 ry 1,2 %, 

Hevea 97.5 0.0 0.0 
Balata 98.7 0.0 
RS-104-A 0: 0.0 0.0 
RS-105-12 « 0.0 0.0 
RS-1 10-6 2.1 0.0 0.0 
RS-118-F 9: 0.0 0.0 
1552 3.6 0.0 0.0 
557-R 0.0 0.0 
CPP-1029 91. 0.0 0.0 
CPP-1188 § 0.0 0.0 
CPP-1428R 4 0.0 0.0 
RS-85-1 2.5 0.0 0.0 
RS-99-B 3.7 0.0 0.0 
CPP-1469 9: 0.0 0.0 
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units, as in natural rubber. The maximum percentage crystallinity of elon- 
gated Hevea has been reported to be about 40 per cent‘. We find the crystalline 
component of Coral rubber (when elongated to 1000 per cent) to be 25 per cent 
(Figure 3). 

Numerous Coral polymers have been obtained which have a powder pattern 
at zero elongation similar to the pattern obtained with Hevea. Compared to 


Fic. 3.—X-Ray diffraction patterns of stretched polymers 


Hevea, the Coral polymers generally require a considerably longer exposure 
time at —25° to —40° C to develop the powder pattern. 

Chemical Evaluation of Structure.—Because of difficulties encountered in 
consistently obtaining a crystalline x-ray pattern with Coral rubber at zero 
elongation, the question arose as to whether this might be due to nonhomogene 
ous polymer structure or to the absence of certain nonrubber components norm 
ally present in Hevea rubber. 

Ozonolysis results indicated that the amount of head-to-tail structure in 
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Tape IV 
OZONOLYSIS 
(Temperature, ~-25° C to —14° C) 


Milled — 
pale CPP. 
crepe RS-99 1356 
Isolation of significant building blocks* (%) 86.24 76.42 80.43 
Recovery of carbon originally present (%) 89.52 $2.65 86.20 
Head-to-head structure (°,) 0.18 0.36 0.55 
Heat-to-tail structure (%) 98.06 92.86 94.67 
Tail-to-tail structure (%) By 6.78 4.78 
* Recovery of unite that form succinic o vulinic aldehy 


yde, hemialdehyde and (or) acid and 2,5-hexane 


Taste V 


Po_ymer FrATURES 


CPP cP 
1469 147 


p 
- 
Inherent viscosity 
(unmilled) 11.6 13.9 12.5 
Structure (%) 
Cis-1,4- 97.8 93.0 87.6 92.4 
Trana-1,4 0 0 3.2 0 
4,4-addition 2.2 6.9 9.2 7.6 


Physical Properties (Gum Stock) 
Formula plus 1 part Santoflex BX, cured at 260° F 
Modulus at 600% elongation (1b./sq. in.) 
875 100 175 175 200 200 
1100 200 225 200 225 275 
1325 225 200 200 200 300 
Tensile strength (Ib./aq. in 

3075 2225 2675 2475 2650 3400 
3375 2650 3100 2575 3300 3425 
3450 2750 3125 2825 3100 2600 


oO 
G 


Elongation at break 
40 790 950 1150 1020 1040 1100 
15 770 920 1040 O80 990 1000 
60 750 900 1020 940 940 920 


ACS No. 2 Formula plus 1 part Santoflex BK minus 0.5 part sulfur, cured at 260° F 
Modulus at 600% elongation (1b./sq. in.) 
150 200 250 200 
225 275 100 400 
525 500 


Ib. /aq. in 


3075 2975 
2950 3100 
2850 2575 

900 940 


840 R80 
780 780 
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Coral was comparable to that in Hevea (Table IV) by this method, but there 
is some indication of a small amount of tail-to-tail and head-to-head structure 
The number of internal double bonds (total cis- and trans-1,4-configuration 
in Hevea and Coral were also compared by a method®, based on the difference 
in the rates of reaction of perbenzoic acid with internal and with external (1,2 
or 3,4-addition) double bonds. These data show Hevea to be 97.1 per cent 
| ,4-configuration as compared to 94.3 per cent 1,4-configuration in Coral rubber 
Total unsaturation was determined by the iodine monochloride method and 
found to be 96 per cent for Hevea compared with 98 per cent for Coral rubber 


PROCESSING CORAL RUBBER 


When the Banbury internal mixer is used to break down Coral rubber, th: 
time required is influenced by the original inherent viscosity and per cent gel in 
the polymer. No difficulty has been encountered in calendering Coral factory 
stocks. Sticking to the factory warm-up mill and calender rolls was prevented 


Tasie VI 


COMPARISON OF CoraL Polymer witn LTP anp 
NATURAL Rupper IN A Gum Recrps 


Natural 
Cure at rubber LTP 
280° ¥ 
minutes 
30 775 50 
60 1000 150 
90 1100 125 
Tensile strengtt 
30 3225 275 1925 
60 3125 2: 3000 
90 2850 22: 2400 
Flongation 
30 820 1000 1160 
60 760 740 1060 
90 700 700 990 


by adjusting the roll temperatures to 160° to 200° F. Careful control of the 
calender operation resulted in smoothly calendered sheets. Calendered Coral 
rubber body stocks have good tack. The same precautions of protection from 
light and heat that are used with natural rubber should be taken when storing 
Coral polymers or mixed stocks 


VULCANIZATE PROPERTIES 


Coral Gum Stocks The tensile strength of Coral gum stocks approaches 
that of natural rubber Values of 3000 to 3400 pounds per square inch are 
obtained with Coral rubber, whereas the average natural-rubber values gener 
ally fall in the range 3200 to 3700 pounds per square inch. The optimum gut 
tensiles for Coral rubber occur at higher elongation than those of natural rub 


} 


ber, and the modulus at 600 per cent elongation is lower 
Considerable variations occur in gum tensile values from polymer to poly 
mer the reason for which is not fully understood These variations do not 


appear to be related to inherent viscosity or polymer structure. High tensile 


values (above 3000 pounds per square inch) can be obtained with most Coral 
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polymers by adjustment of the sulfur, accelerator ratios, and stearic acid con- 
tent. The effect of two different formulations is apparent from the data in 
Table V. 

The greatly improved tensile strength of the Coral rubber gum vulcanizate 
when compared to that of low-temperature butadiene-styrene copolymer (LTP) 
is evident from the data of Table VI. 


Taste VII 


COMPARISON OF Hevea, CornaL, anp LTP 1n 
35-Part EPC Srocks 


Hevea 


Inherent viscosity 
Gel (%) 


Cure at 280° F (minutes) 

30 750 
45 900 
60 1000 
90 1100 


30 3950 

45 4350 3625 
60 $275 3775 
W) 1500 3800 

Flongation at break 

30 720 840 
45 670 800 
6D 630 SOO 
90 600 


45 
Dynamic modulus, lb ‘aq inch 
Static modulus, Ib./sq. inch 
Internal friction, kilopoises 


45 


Reinforced Coral Compounds.—The similarity of Coral and natural rubber 
is also suggested by the properties of compounds reinforced with carbon black. 
Loaded with 35 parts of EPC black, a Coral compound had an internal [friction* 
of 1.7 kilopoises, compared to 1.6 for natural rubber and 4.2 for LTP. 

Coral rubber, like Hevea, is much superior to LTP in retention of properties 
at elevated temperatures (from 212° to 275° F) as shown in data (Table VII) 
from stocks compounded with 35 parts EPC black. 


Low hysteresis and good retention of properties at elevated temperatures is 
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Fico. 4.—Internal friction as a function of temperature 


also apparent in Coral rubber stocks compounded with 50 parts HAF black 
(Figure 4 and Table VITI). 


CORAL RUBBER IN TIRES 


Coral rubber was used to build body plies, tread plies, inserts, and treads of 
size 9.00-20 truck tires. Hevea tread plies were used in the LTP tires. The 
Hevea tires contained all Hevea rubber. In this test both the Hevea and Coral 
tires were run simultaneously on duplicate indoor wheels, and the temperature 
of each tire was recorded on the same chart at the same time. The recorded 
temperature curve of the contained air of the Coral tire was superimposed on 
the curve from the Hevea tire, thus showing that both tires developed the same 
temperature. The two curves were identical throughout the run except for a 
short period at the beginning, when the temperature of the Coral tire was 
slightly lower. This was in accordance with what had been anticipated from 
the heat build-up characteristics of the respective stocks (Table IX) 

Of outstanding significance in tire service tests, amounting to more than 
500,000 tire miles, has been the improved tread cracking resistance of Coral 
treads over Hevea treads (Figure 5). A possible explanation of this perform- 


Tasie VIII 


CarBon Briack—Rermrorcep Coral VULCANIZATES 
(HAF black, 50 parts) 


anizate 


Raw polymer Tensile strength (lb./sq. in 
Interna! , 
Inherent Gel frietion Roor 
viscosity % kp tem| 212° ¥ 
10.5 5 3000 1500 
10.7 5 3550 1875 
11.6 6 3425 1900 1250 
14.9 He) 3150 2025 
14.5 8 3375 1825 


~ 


Ro to tS ty 
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TaBLe IX 
VULCANIZATE PrRorverties or Tire Srocks 
Coral polymers 


CPP 
Hevea ) ] 5 1550 
Inherent viscosity of raw polymer 18.9 
s HAF black 
Cure 60 min. at 280° F 
300% modulus (lb 8q. In.) 1625 27 5é 1650 
Tensile strength (Ib./sq. in.) ‘ 3275 2: 3575 
Elongation (“%) ‘ O40 f 520 
Tensile strength (aged* 2 days at 
212° F) (ib./sq. in.) f 2676 2275 . 2075 
Internal friction (kp.) f 2 , : 45 
Ring tensile strength (lb./sq. in.) 
At 212° F 2275 1600 1550 850 
At 275° F 1150 850 1250 525 


ord | tock (20 parts HAF black 


Cure 45 min. at 280° F. 

300% modulus (Ib./sq. in.) 

Tensile strength (Ib. /sq. in.) 

Elongation (%) 

Ring tensile strength at 212° F 

(Ib./sq. in.) 

Internal friction (kp.) 

* Air oven 
ance may be associated with the lower oxygen absorption of Coral polymer. 
This may have some bearing on physical properties since less Oxy gen absor ption 
during breakdown or processing could influence the modulus, carbon black gel, 
and other characteristics (Figure 6). 

To date, the best wear performance has been 95 per cent of that of natural 
rubber, determined on passenger tires under high-speed testing conditions in 
Texas. Although evidence of tread wear performance equivalent to that of 
natural-rubber treads was not a major objective in this work, it is thought that 


| 


minor improvements in technology and polymer will result in equivalent wear. 


BANBURY BREAKDOWN 
9 MIN., 375° F 


nm nw 
oOo fb 


HEVEA, NO ANTIOX, ——| 
CORAL, 2 PTS. ANTIOX. —— | 
CORAL, NO ANTIOX 
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Fie. 6.—Oxygen absorption of Coral and Hevea rubber 
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CONCLUSIONS 


The data presented here support the contention that a polyisoprene rubber 
of high cis-1,4-content (Coral rubber) has been developed, which is strikingly 
similar in polymer structure to Hevea rubber, as indicated by infrared structure 
x-ray crystalline pattern, perbenzoic acid determination of 1,4-addition, ozonol- 
ysis, unsaturation, carbon-hydrogen ratio, molecular-weight distribution, 
inherent viscosity, and specific gravity 

It is also shown that those polymer structural features and other character- 
istics of Coral rubber provide evidence that these same structural features found 
in natural rubber account for its low hysteresis, high gum tensile strength, and 
good retention of physical properties at elevated temperatures. 

Coral rubber differs from Hevea rubber in that is has slightly less cis-1,4- 
structure and slightly more 3,4-structure; it does not absorb oxygen as readily 
as natural rubber, has higher thermal stability, and is more resistant to cracking 
in tire treads. 

joth Hevea rubber and balata (both being polyisoprenes) have small 
amounts of 3,4-structure in the polymer chain rather than exclusively 1,4- 
structure as heretofore generally accepted 

In truck tires containing 100 per cent Coral rubber, the heat build-up during 
service (50 m.p.h.) was identical to tires built from natural rubber. Truck tires 
having Coral body stocks gave satisfactory performance in normal commercial 
service 

Tread wear road tests on truck and passenger tires show that Coral rubber 
treads, containing similar amounts and type of carbon black as Hevea treads, 


I 
give 95 per cent of the wear obtained with Hevea treads. 
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AMERIPOL SN--A CIS-1,4-POLISYOPRENE * 


S. E. Horne, Jr., J. P. Krenn, J. J. Surpman, V. L. Hout, 
C. F. Gisss, E. A. Witison, E. B. Newron, 
AND M. A. REINHART 


Tue B. F. Goooricu Reseaacu Center, Baecksvitte, Onto 


INTRODUCTION 


The important observation made by Katz! in 1925, using x-ray diffraction 
technique, showed that the mere stretching of crude or soft vulcanized Hevea 
rubber caused at least a portion of the polymer to undergo crystallization. 
This and the subsequent experiments of Hock? emphasized the point that suc- 
cessful attempts to synthesize a polymer resembling Hevea rubber would have 
to take regularity into account. The situation is complicated in isoprene poly 
mers by the variety of ways the monomer can enter the growing polymer chain. 

Four isomeric forms of polyisoprene are shown in Figure 1. Since head- 
to-tail orientations must be considered because of the asymmetry of the iso- 
prene molecule, there are eight possible arrangements of the units that can 
occur in polymerized isoprene. Sodium, potassium, emulsion, and alfin poly- 
isoprenes have been shown to contain all four forms of the repeating units* 
All these uncured polymers have poor tack, and their pure-gum vulcanizates 
show poor physical properties. They do not crystallize when stretched or 
cooled. It has long been recognized that polymers of conjugated hydrocarbon 
dienes would have to be very regular in structure before their properties would 
approach those of Hevea rubber. 

Looking back over the last fifteen to twenty years, there has been a slow 
development, almost imperceptible at first, of catalyst systems which produce 
polymers that in some degree show an oriented structure. This orientation 
could result if the monomer, during the propagation phase of the polymeriza- 
tion, is held in a definite position with respect to the growing chain, as by 
cybotactic forces where polymerization is initiated at the melting point of the 
monomer, or by adsorption of the monomer onto a solid surface—perhaps to 
the surface of the catalyst itself. 

The work reported here deals primarily with the properties of a rubber made 
by directed polymerization. 


POLYMER STRUCTURE AND PROPERTIES 


Catal jat Catalyst systems, based on polyole nn information pure hased 
from Karl Ziegler, have been applied to isoprene monomer systems, and modi 
fications have been developed such that either cis-1,4-polyisoprene or trana-1,4 
polyisoprene can now be prepared at will 

Infrared absorption sp-ctra.—The effect of one of these catalyst modifications 

* In this project, the different fields of activity of the eig! hore were as follow: Polymer aructure and 
properties —&. 1. Horne, Jr., J. P. Kiehl, J. J. Shipman, V. ! nd C.F. Gibbs. Processing and wulcan 
izaltion—FE.. A. Willson and E. B. Newton Tire testing M.A. urtand KF. A. Willson The paper is 
reprinted from Jnduatrial and Engineering Chemtatry, V« ‘8, N i, pages 784-791, April 1956, and was 
presented by K. Schoenfeld in behalf of Goodrich-Gulf ¢ aie, It before the Division of Rubber 
Chemistry of the American Chemical Society at ite meeting in Philadelphia, November 2-4, 1055 
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t recognized when a modified olefin polymerization yielded an isolable 
stabilized rubbery component which showed an infrared absorption spectrum 
to 25-micron range almost identi i] to t} at ol Hevea rubber except for 
peaks due to oxidation at 2.5, 5.6, and 5.8 microns and, additionally, a slightly 
higher intensity in the peak at 11.25 microns. Subsequent samples of this rub- 
ber, a cis-]1,4-polyisoprene, now called Ameripol SN, when protected by age 
resistors, did not show these oxidation peaks (Figure 2 


Infrared absorption spectra indicate low maximum concentrations of 1,2- 
4 4 


and 3,4-addition products in Ameripol SN. For these two isomeric units the 


discrimination in the presence of cis-1,4-polyisoprene units is good, of the order 
+1 per cent. The discrimination of small amounts of trans-1,4-units in the 


presence of a large concentration of cis-1,4-units is not good, for, if we add by 


Cle 


cis i-4 
(HEVEA RUBBER) 
it 95 4 


1-2 
10.1 and 10 9» 


common solvent technique 5 parts of balata to 100 parts of Hevea rubber, 
detection of the adde« ilata is very difficult In the region from 8.0 to 10.5 
microns, where the spectrum of amorphous balata is most unlike that of Hevea 
rubber, the spectra of Hevea rubber-balata mixtures are practically superim- 
posable on that ol He veu IT ibber alone At least 10 parts ol halata per 100 
parts of Hevea rubber are required tol letection (Figure 3 Single isolated 
trans-1,4-polyisoprene units would not necessarily have the same set of absorp- 
tion bands as totally trana-1,4-polymer chair At least four trans-1,4-units 
ina blOCK are required to proe uce a spectrul mbling tl it of balata These 
limitations of the infrared absorption hi apply to both synthetic and 
natural polyisoprene 

Since it has been noted in this work as well as in the previous work of 
Richardson and Sacher* and of Binder and Ransaw‘ that infrared absorption 
techniques do not offer sufficient discrimination for accurately measuring the 
concentration of transa-1,4 ner in predominately cis-1,4-samples of polyiso- 
prene, we concluded that f quantitatis i 1 r characterizing a 
material having less than 10 per cent trana-1,4-units was not feasible at this 
time. Instead, we estimated the maximum possible amounts of each isomeric 


impurity from the infrared spectra 
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Fie. 3 nfrared absorption spectra of Hevea rubber-refined balata mixtures 


The spectrum of Ameripol SN protected with an antioxidant duplicates that 
of the natural product except for the slight increase in intensity at 11.25 microns, 
attributable to the presence of about 1 per cent more 3,4-addition 


which may be : 
product than is present in Hevea rubber. To the best of our knowledge, the 
Vea rubber has not been 


origin of the 11.25-micron peak in the spectrum of Hey 
established. Salomon and van der Schee® say it is tempting to assign the 
11.25-4 peak to 3,4-addition structure, but they found it survived ozonization. 

The spectra of Ameripol SN and Hevea rubber in the region around 10.9 
microns are very much the same, indicating very little difference in 1,2-addition 
product concentration. Thus the amount of side chains formed by 1,2-addition 
is estimated to be less than | per cent for both Hevea rubber and Ameripol SN. 
differences in the infrared spectra of cis-1,4-head- 


It is not known what the 
| ,4-head-to-head polyisoprene would be like be- 


to-tail polyisoprene and of cis 


Ameripol BN rubber Hevea rubber (actone-extracted) 


Fis. 4 ay diffraction patterns of frozen but unstretched specimens 
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cause polymers of the latter type are not available. It appears safe to assume 
that some of the skeletal vibrations would be affected, producing differences in 
the spectra. Since no differences except those already mentioned are apparent 
it is reasonable to say that no great differences in head-to-tail orientation exist 
between Ameripol SN and Hevea rubber. 

Examination by phase microscopy.—Crystalline and amorphous balata are 
insoluble in Hevea rubber and Ameripol SN. Concentrations as low as 2 per 
cent of balata in either of these polymers are detectable by phase microscopy in 
the mixtures. Since gel-free fractions of Ameripo! SN and Hevea rubber hydro- 
carbon show a single phase by this method, we conclude that each contains less 
than 2 per cent of trans-1,4-polymer chains. This technique is applicable only 
if all the trans-1,4-units are in separate polymer chains. If the trans-1,4-units 
are distributed along predominately cis-1,4-polymer chains, insolubility would 
not result, and detection by this means would be impossible. 


Ameripol BN rubber svea rubber 


Fia. 5 X-ray diffraction patterna of pure gun at 1000 


X-Ray diffraction patterns.—Ameripol SN crystallizes when cooled, as does 
Hevea rubber. The initiation period for Ameripol SN at —26° C is much 
longer than that for acetone-extracted Hevea. ‘This is believed to be due to the 
absence of impurities which furnish nuclei for crystal growth. Seeding with 
stearic acid greatly reduces the initiation time The rate of crystal growth in 
Ameripo] SN at 26° C was slower than in the acetone-extracted Hevea rub 
ber used. Crystallization rate is also affected by impurities. Figure 4 shows 
the x-ray diffraction patterns of unseeded Ameripol SN and of acetone-extracted 
pale crepe. The pale crepe was cooled at — 26° C for 24 hours and held at this 
temperature during exposure. The Ameripol SN was cooled at —26° C for 140 
hours and then photographed at this temperature. These ring diagrams are 
typical of nonoriented, finely divided crystals. The slightly mottled appear- 
ance of the rings is due to the Styrofoam frost shield used during the experiment 
The ring diameters are the same in the two patterns, indicating identical crystal 
structures. The ratio of ring intensity to halo intensity is not quite the same 
in both patterns; degree of crystallinity is somewhat higher in the Hevea rub 
ber sample. Hevea rubber shows its maximum rate of crystallization’ at —26° 
C; hence this temperature was used for these experiments. It is not yet known 


r 
I 
| 

i 


whether Ameripol SN shows its maximum rate of crystallization at this same 
temperature 
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Vulcanizates of Ameripol SN and Hevea rubber crystallize when stretched. 
Figure 5 shows the x-ray diffraction patterns of stretched vulcanizates at room 
temperature. The spot diagrams are essentially identical, indicating the same 
crystal structure and about the same degree of crystallinity in each case. The 


agreement here is as good as for two different samples of Hevea rubber. The 
fact that the two materials form crystals of identical structure precludes any 
large differences in head-to-tail orientation. It is impossible for head-to-tail 
oriented polymer of isoprene to form crystals of the same type and dimensions 
as a head-to-head polymer, even though the repeating units are otherwise 
identical. 

From the infrared data, phase microscopy examination, and the x-ray 
diffraction data, we conclude that Ameripol SN and Hevea rubber are essenti- 
ally similar in molecular structure and both contain less than 2 per cent pre- 
dominantly trans-|,4-polymer and probably less than 10 per cent distributed 
trana-|,4-units. This concentration or higher of distributed trans-1,4-units in 
the polymers would be expected to seriously interfere with their ability to 
crystallize which, actually, neither polymer lacks. 


Taste I 
PoLymer Properties or AmERIPOL SN 


7 lo = limiting intrinsic viscosity value 
f,, number-average molecular weight 
VM viscosity-average molecular weight 
on measure of degree of solvation of polymer molecules by solvent molecules 
Swell 
Gel ing M, 

Sample w/ index [ale M. M. VU. “i 
Ameripol 5N 6.3 126 3.80 230,000 658,600 2.86 0.398 
Ameripol SN 0 1.32 77,200 135,000 1.75 0.406 
Milled pale crepe 0 1.47 118,700 157,700 1.33 0.431 
Unmilled pale 

crepe 11.6 127 8.30 $38,000 2,126,000 2.54 0.434 


Second-order transition temperature.—The second-order transition tempera- 
ture (7',) of a sample of Ameripol SN rubber was measured in a differential 
expansion apparatus similar to that described by Floyd’ and was found to be 

70° C, which is the same as that obtained for smoked sheet and pale crepe 
in the same apparatus. The coefficients of expansion below and above the 
second-order transition temperatures agree also with published values within 
the 5 to 10 per cent reproducibility of the experiment. 

The second-order transition temperature is roughly the temperature at 
which segmental motion of the polymer chain ceases. The balance between 
thermal disordering forces (moving the chain) and van der Waal (or inter- 
molecular) forces is fairly critical to changes in polymer or copolymer composi- 
tion. (A few per cent of most comonomer units will change the second-order 
transition temperature by several degrees.) Hence, the identity of 7, values ie 
another indication of the identity of chain composition. 

Polymer properties of A meripol SN and Hevea rubber samples. Using toluene 
as the solvent, sol-gel measurements were carried out at room temperature (in 
the dark), employing essentially the procedure recommended by the Office of 
Rubber Reserve, Committee on Standardization of Methods and Apparatus for 
Determining Molecular Weights of Polymers 

Intrinsic-viscosity measurements were made at 25.00° + 0.01° C over a 
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concentration range and were extrapolated to zero concentration to obtain the 
limiting intrinsic viscosity value which is designated by the symbol []> 
Cannon-Fenske type viscometers (50 Series) were employed for the viscosity 
determinations 

Using toluene solutions of the polymers, osmotic pressure measurements 
were made at 25.00° + 0.01° C. Regenerated cellulose film was employed as 
the semipermeable membrane. 

It is of interest to compare a few of the polymer properties of SN rubber with 
Hevea rubber. Some of the pertinent data relating to polymer properties such 
as gel content, swelling index, M, (number-average molecular weight), M, 

viscosity-average molecular weight), [nm ]> and mw; values are summarized in 
Table I. 

A sample of Hevea (pale crepe) was found to have a gel content of 11.6 per 

cent, with a swelling index of 137. The toluene-soluble portion yielded an 


Tasie II 
STABILIZATION OF AmERIPOL SN Rusper, QUALITATIVE SCREENING Test 


tee (0.5% in 
toluene 
A 


Heated 
Un 8 hr. at 
Stabilizer rubbe heated 100° ¢ 
Diphenyl-p-phenylenediamine 
2,5-Di-tert-butylhydroquinone (Santovar O) 
Bis(dimethylthiocarbamy!) disulfide (Tuads) 
Mercaptobenzothiazole (Captax) 
Bis (2-benzothiazy!) disulfide (Altax) 
Sulfur 
Polymerized trimethyldihydroquinoline 
(AgeRite Resin D) 
1,2-Dihydro-2,2,4-trimethy]-6-phenylquinoline 
(85%) { 
Dipheny]-p-phenylenediamine 15% f 
(Santoflex BX) 
sym-Di-8-naphthyl-p-phenylenediamine 
(AgeRite White) 0.5 
Diphenyl-p-phenylenediamine 0.25 
sym-Di-8-naphthy!l-p-phenylenediamine 
(AgeRite White) 0.5 2.60 1,92 
2,5-Di-tert-butyl hydroquinone (Santovar O) 0.2 


toh 


3.39 2.51 


~ 


Rh t\ tb 


(7 Jo value of 8.30 and an M, value of 838,000. Using the equation of Carter, 
Scott, and Magat® of [n] = 5.02 x 10~* M®-**’, an M, value of 2,126,000 was 
calculated. The ratio of M,/M, was 2.54 which indicated a wide distribution 
of molecular weights. 

A sample of moderately high molecular weight Ameripol SN rubber con- 
tained 6.3 per cent gel with a swelling index of 126. The toluene-soluble com 
ponent had an [7 ]o value of 3.80. The high swelling index value of 126 en 
countered for a gel content of 6 per cent was similar to sol-gel data obtained for 
some natural rubber samples. This type of a gel structure is easily broken 
down by normal milling and processing operations. M, and M, values of 
230,000 and 658,600 were obtained for this SN rubber. The ratio of M,/M, 
was 2.86 which suggests a wide distribution of molecular weights similar to that 
indicated for the unmilled pale crepe rubber 
“™ Hevea (pale crepe) rubber was milled on a cold mill for 20 minutes. It was 
totally soluble in toluene. The [9 ]o, M,, and M, values were, respectively, 
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1.47, 157,700, and 118,700. This gave a ratio of 1.33 for M,/M,. Cold 
milling of the Hevea rubber resulted in a polymer with a narrower distribution 
of molecular weights compared to the original pale crepe rubber. 

A low molecular weight Ameripol SN rubber was found to be totally soluble 
in toluene. The[7 ]o, M,, and M,, values were, respectively, 1.32, 135,000, and 
77,200. The ratio of 1.75 for M,/M, indicated a broader distribution of 
molecular weights than in the milled pale crepe rubber. 

A comparison of the uw, values of the rubber-toluene systems is of interest. 
The yw; value is a measure of the degree of solvation of polymer molecules by 
solvent molecules. For the binary system of natural rubber-toluene at 27° 
aw, value of 0.43 was reported by Huggins’. 


Tasie III 


STABILIZATION OF AmERIPOL SN RupBEer 
OxyGEN ABSORPTION aT 100° C 


ro = initial rate of oxidation (mole O:/gram™ min.) 
k = measure of autocatalytic nature of oxidation (min.~') 
Polymer Stabilizer re k 


Ameripol 8N None 5.0 * 1077 96 X 10 
Ameripol SN 2,5-Di-tert-buty! hydroqui 0.25 * 10 6.3 x 10 
none (Santovar O), 0.5% 
on rubber 
Ameripol 5N Diphenyl-p-phenylenedi- 0.40 K 107? 21 xX 10 
amine, 0.2% on rubber 
Ameripol SN sym-Di-8-naphthyl-p- 0.10 K 10 0.64 XK 10 
ee, lenediamine (Age 
tite White), 0.5% on 
rubber 
Ameripol SN sym-Di-8-naphtkyl-p- 
yhenylenediamine (Age 
tite White), 0.5% on 
rubber > 0.10 K 10 
2,5-Di-tert-buty| hydroqui- 
none (Santovar QO), 0.2° 
on rubber 
Hevea pale crepe N one added 0.19 x 10 ’ 2.2 x 10°* 


The high and the low molecular weight Ameripol SN rubber samples yielded 
, Values of 0.406 and 0.398 at 25.00° C. Unmilled pale crepe and milled pale 
crepe had yw; values of 0.434 and 0.431, respectively, at 25.00° C; this represents 
a good check on the value of 0.43 reported by Huggins. 

At the present time it is believed that the difference between the yu, values 
of Ameripol SN and Hevea rubber is real. These data imply that the Hevea 
rubber molecules are less solvated by toluene than are the Ameripol SN rubber 
molecules. This may be due to the presence of a more highly branched struc- 
ture in the Hevea molecule compared to the SN molecule, or it may be a re- 
flection of the presence of a small amount of nonrubber components in the 
Hevea samples. 

Solvents having solubility parameter values of 8.6 + 1.35 appeared to be 
good solvents for both Ameripol SN rubber and milled pale crepe rubber. Car- 
bon tetrachloride was the best solvating agent for both materials. Other good 
solvents were chloroform, cyclohexane, carbon disulfide, chlorobenzene, toluene, 
and benzene. 

Stabilization of Ameripol SN.—Freshly made polymer must be stabilized to 
protect it from degradation and softening by atmospheric oxidation. Illustra- 
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tive of some of the early results of screening tests are the examples in Table II. 
Aliquots of a polymer charge were mill mixed (eight passes) with the materials 
shown and exposed as 0.015-inch-thick sheets both at room temperature (un- 
heated) and (heated) in a circulating air oven for 8 hours at 100°C; specific 
viscosities (at 0.5 per cent concentration in toluene) were then determined 
As one would expect, some materials and combinations were more effective 
than others in stabilizing the raw polymer. The effectiveness of the stabiliza- 
tion of some of these Ameripol SN rubber samples prepared by the addition of 
the more promising commercial stabilizers or antioxidants was further deter- 
mined by measurements of the rate at which various polymer samples reacted 
with oxygen at elevated temperatures. An apparatus that made possible 


Tasie IV 


PuHysicaL PROPERTIES OF VULCANIZATES—GuUM Srock 
(Room temperature tests) 


Ameripol 8N 


Plus 1.5 - ‘ 
parte of Red \ lov sue Test 


additives 0 blend 
Tensile strengt! 

No cure 2840 800 2490 
1400 3550 2680 4150 3970 3410 
2030 3440 2970 3850 3810 3210 
2380 3200 3090 3450 1000 4670 
2250 3210 3110 5600 3730 3620 


Modu! 


350 260 500 380 
700 550 970 790 
800 700 1200 950 
800 930 1320 1170 
700 1040 1520 1240 


longatior ‘ 
15 930 870 910 
3 990 R50 820 R30) 
45 910 S80 790 7 700 
60 860 750 760 760 
W) 800 820 750 760 


‘Lecithin (95%) and TEA (5%) 


ACB II Recipe: Rubber 100 sine oxide 6, stearic acid 4, Captea f ilfur 3.5: ACS tensile sheet 
measurements of the volume of oxygen consumed at constant pressure and 
temperature was employed. All measurements were made at a temperature 
of 100° + 0.2° C and at approximately 760 mm. of mercury pressure 

The curves of oxygen consumed versus time were all of an autocatalytic 
nature, oxidation rate increasing with time. Two parameters can be obtained 
from such curves: The first is the initial rate of oxidation, designated ro, and the 
second is a factor designated by k which is a measure of the autocatalytic nature 
or self-acceleration of the oxidation. Table III shows typical data from a series 
of oxidation rate measurements. Decreased values of ro, of course, correspond 
to more efficient stabilization, as do decreased values of hf For this series, 
AgeRite White is the most efficient stabilizer, Santovar O being next soth 
AgeRite White and the combination of AgeRite White and Santovar O shown 
have stabilized the Ameripol SN to a degree equivalent to or better than that 
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shown by pale crepe. The unstabilized Ameripol SN polymer is very suscepti- 
ble to oxidation at 100° C 

The addition of stabilizers decreased the initial rate of oxidation by a factor 
of approximately 20, whereas k was decreased by a factor of almost 100. 


PROCESSING AND VULCANIZATION 


Ameripol SN, as ordinarily made, looks and handles much like masticated 
Hevea rubber It has excellent tack and good “tooth”. The Mooney viscosity 
(ML-4’ at 212° F) of the polymer is in the 50 to 75 range 


Taste V 
PHYSICAL PROPERTIES OF VULCANIZATES 
Low-Sutrurn Gum Compounpb 
(Room temperature testa) 


Hevea 


Rubber*® 
inch 


No cure 
2580 
3280 
$400 


430 

BOO 

8.50 

860 
Recipe: Rublb« i ine e 1, AgeRite White 0.5, fat a 
r 1.5: ACS ter 
* Additives: 1 part stearic acid; 1.5 parts lecithin plus TEA 
* Additive: 1 part rosin ot 


Processing properties.—Ameripol SN requires no preliminary breakdown and 
bands smoothly on a laboratory mill by the time the rolls have made three or 
four revolutions. This is partly due to the excellent natural tack of the poly- 
mer. Like natural rubber, Ameripol SN breaks down rapidly on a cold mill, so 
mill mixing is usually carried out at temperatures around 180° F. Compound- 
ing ingredients then added are accepted as readily and dispersed as well as they 
would be in Hevea rubber 


Laboratory Banbury mixing is usually run at 220° to 260° F, in which range 
the stocks handle well, but batches have been discharged satisfactorily at 325° 
F. Factory Banbury mixing presented no problem, and Ameripol SN stocks 
processed well on factory calenders and in extruders. In fact, extruded treads 
showed less linear shrinkage and less extrusion porosity than ordinary Hevea 
rubber treads. The carcass plies and the treads handled well in the factory 
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tire-building operation, and the building tack of the Ameripol SN was equivalent 
to that of similar Hevea rubber stocks. 

Compounding.—-Freshly made Ameripol SN lacks three kinds of materials 
naturally present in Hevea rubber) that are known to have an important 


Tasie VI 
PHYSICAL PROPERTIES OF VULCANIZATES—CARCASS 
Ameripol 8N 


Gel (%) 
Swelling index 


L” J 
Mooney viscosity (ML-4’ at 212° F) 
Carcass recipe (parts) 
Polymer 100.0 100.0 100.0 
Zine oxide 3.0 3.0 3.0 
Stearic acid 2.0 2.0 
AgeRite Powder (PBNA) 1.0 1.0 
HMF black (Statex 93) 10.0 10.0 
Pine tar 5.0 5.0 
Lecithin + TEA (5%) 
Altax 
Sulfur 
B. F. Goodrich plasticity, 85° C (on 
compounded stock) 
Mooney scorch (260° F, large rotor) 
[.V., initial viscosity 
Vm, Min. viscosity 
T’,, scorch time (min.) 
7 .(T, + T4220), cure time (min.) 
T'420, min. for 20-point viscosity increase 
Gehman low -temperature modulus (cure 
30 min., 280° F) (° C) 
7: 
Ts 


Freeze point 


nea 
sn 


— ee 


or me GO 
Dw 


Streas-strain at room temperature 


Cure (min. at 280° } Tensile strength 
10 150 680 
15 1070 2260 
50 2340 23880) 
60 2910 2650 

150 2420 1500 
i0 200 
15 360 730 
30 RSL) 1260 
60 1080 1300 
150 1040 1160 


I y yn at break (%) 


10 940 660 
15 720 680 
30 710 §30 
60 670 610 
150 650 470 


Amer 
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Taste VI1—(Contin ued) 
Stress strain at 212° F 
Cure (min. at 280° F Tensile strength (lb./sq. in.) 


10 _— 230 1200 
15 900 1650 2180 
3 1620 1500 2290 
@ 1330 1300 1920 
150 1320 1220 1820 
( jlus (Ib 
10 220 
15 150 4100 520 
40 560 740 8.30 
OO 700 800 750 
150 700 7380 660 


Elongation at break 


10 1000 940 
15 1040 800 900 
30 850 660 790 
60 700 610 760 
150 700 600 800 


Aged in test-tubes 24 hours at 212° F in air: Stress-strain at room temperature 
Cure (min. at 280° } I 


ensile strength (Ib./sq. in 


10 1770 2500 2680 
15 2220 2800 3140 
30 2450 2540 3080 
60 1880 2230 2780 
150 2030 2100 2380 


400% Modulus (lt aq. in.) 


10) 700 1000 1800 
15 800 1200 1840 
30 1050 1440 1650 
OO 1280) 1620 1480 
150 1080 1320 1120 


Elongation at break 
10 650 650 510 
15 6380 640 590 
30 640 560 600 
60 5% 500 600 
150 j 570 620 
Graves angle tear (‘ 

Cure in 

15 130 

30 210 190 

60 190 170 


B. F. Goodrich Flexometer (212° F) ; 55-lb. load; 60-min. cure (280° F) 
Stroke, 0.175 inch 
Shore A hardness 
AT (° F) 
Permanent set (°,) 
Static compression at 55 Ib. (%) 
Duration of test (min.) 
Stroke, 0.225 inch 
Shore A hardness 
AT (° F) 
Permanent set (°) 
Static compression at 55 Ib 
Duration of test (min.) 
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RUBBER CHEMISTRY AND TECHNOLOGY 


Taste VII 


PuysicaL Prorperties or VULCANIZATES—TREAD Stock 


Gel (%) 
Swelling index 


LJ 
Mooney viscosity (ML-4’ at 212° F) 
Tread recipe (parts) 
Polymer 100.0 100.0 100.0 
Zine oxide 3.0 3.0 3.0 
Stearic acid 1.0 1.0 3.0 
AgeRite Powder (PBNA) 1.0 1.0 1.0 
BLE-25 1.0 1.0 1.0 
ISAF black 42.0) 412.0 42.0 
Pine tar 2.0 2.0 4.0 
Lecithin 7 1 E A (5° ») ] 5 l 5 
Pantocure 0.6 0.6 0.6 
Sulfur 4.0 3.0 
B. F. Goodrich plasticity, 85° C (on 
compounded stock) 
Mooney scorch, 260° F (large rotor) 
LV 
£& 
1’, 
ae 
T Avo 
Gehman low tem pe rature modulus (cure 
30 min,, 280 F) (° ( ) 


22 
”? 


2 


7 
T's 1s 
if 


reeze point 58 


Mtress-strain at room temperature 


lensile streng 


3810 1040 
4160 1250 
3900 373 1080 
3840 3920 
3540 $490 
400% Modul t j } 
1580 2110 
2010 2550 
2250 2570 
2170 2450 
1900 2200 


Stress-strain at ‘ 


e strengt! 
2480 
2100 
2120 
2000 
1830 
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Tasie VII (Continued) 
Stress-strain at 212° F 
ire (min. at 280° | 40 | 
RSD 1140 
1150 1200 
1300 1420 
1200 1500 
1150 1220 


770 
600 
600 
600 
650 


Hevea 


rubber 
Aged in test-tubes 24 hours at 212° F in air ae-strain at room temperature 


ire (min, at 280° I rs le strength (ib./sq. in 
15 : 2090 2050 
2710 2810 

2570 2510 

2110 1880 

1460 1550 


Modulus (1 
2780 2640 
2400 2660 


2570 


600 
550 
450 
380 
2380) 


Graves angle tear (212 


270 250 
270 240 
250) 240 


B. F. Goodrich Flexometer (212° F); 55-lb )-min. cure (280 KF) 


Stroke, 0 175 inch 
Shore A hardness : (4 
47 (° ¥) 
Permanent set (“%) 
Static compression at 55 |b 
Duration of test (min.) 


(¢ 


Stroke, 0.225 inch 
Shore A hardness 
AT (° F) 


Permanent set (°%) 


Static compression at 55 Ib. (%) 
Duration of test (min.) 


Pico abrasion (B. F. Goodrich Research 
Center, unpublished method) 


* See Table VI for definitions 
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influence on the technical quality of vulcanizates—antioxidant for polymer 
stabilization, nonrubber components (such as ash, protein, and protein decom- 
position products), and fat acid material which affect the state of vulcanization. 
These deficiencies are corrected by additions of suitable materials. The anti- 
oxidant is added at once to every lot of the freshly made polymer accordingly 
as a nonstaining or staining type polymer is required. Addition of fat acid 
and a material simulating the nonrubber components is made by the compounder 
as required. Some buffer material” is needed to help adjust the rate of cure of 
Ameripol SN, and in the tests reported the additive soybean lecithin (95 per 
cent) with triethanolamine (TEA) (5 per cent), was used (14 parts of this 
mixture to 100 parts by weight of polymer). Otherwise, Ameripol SN is com- 
pounded and handled like Hevea rubber. 

Pure-gum stocks.—Ameripol SN with additive shows good properties in the 
ACS-II test recipe (Table 1V), approximating those shown by the Hevea rubber 
test blend of ribbed smoked sheet and pale crepe. In a low sulfur, pure-gum 
recipe (Table V), Ameripol SN containing both additive and extra fat acid 
gives a vulcanizate quite comparable to that of the Hevea rubber control. 

Heavy-duty tire stocks.—It was a natural anticipation that this new polymer, 
Ameripol SN, so much like Hevea rubber in chemical structure, milling, com- 
pounding, and vulcanizing characteristics, should show low hysteresis values, as 
well,in heavy-duty truck tire stocks. Extended tests have amply borne this out. 

Two different lots of Ameripol SN, labeled I and II, differing somewhat in 
gel content and in swelling index of the gel (determined on the unmilled polymer) 
were compounded in a typical carcass stock and in a tread stock along with a 
Hevea rubber test blend (ribbed smoked sheet and pale crepe) as a control. 
The recipes in each case are identical except for the lecithin-triethanolamine 
additive (1.5 parts/100 parts of Ameripol SN) and extra stearic acid (1 part/100 
parts Ameripol SN) to approximate the amount naturally present in Hevea 
rubber. Comparative data on physical properties of the carcass stocks are 
shown in Table VI and in Figure 6; those on the tread stocks are shown in 
Table VII and in Figure 7. The stress-strain properties at room temperature, 
at 212° F, and after aging are very similar on all the stocks, as are the Gehman 
low temperature moduli and freeze points. The heat rise in the B. F. Goodrich 
flexometer at both 0.175- and 0.225-inch strokes are likewise comparable. The 
Graves angle tear tests at 212° F are somewhat lower than those for the Hevea 
stocks, but, on the other hand, the Ameripol SN stocks in the DeMattia flex 
crack-growth (initiated) tests appear on the whole to be more resistant than 
do those of the Hevea stocks 

Summary.—-The results of the laboratory comparative evaluation tests on 
pure-gum carcass and tread stocks indicate a virtual identity in the perform- 
ance of Ameripol SN rubber and Hevea rubber. The comparative data suggest 
that Ameripol SN heavy-duty tires will perform as well as similar Hevea rubber 
tires 


TIRE TESTING 


The possibility of using Ameripol SN rubber to replace Hevea rubber com- 
pletely in the tread and carcass stocks of heavy-duty bus and truck tires has 
undergone extensive testing. The results reported here deal with a lot of 
sixteen 11.00 K 20 heavy-duty express tires which required about 1 ton of 
Ameripol SN for manufacture. 


The procedure for evaluation of test tires is divided into three programs, 
namely, indoor wheel tests, where tires are run to destruction ; test truck opera- 
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tion, where conditions such as speed, load, and inflation are closely regulated; 
and mileage contract busses, where tire maintenance is at a high level, but 
service conditions on the highways are very severe. 

Indoor wheel test.—Tires are run on smooth 67-inch-diameter wheels in an 
ambient temperature of 100° + 5° F at a speed of 50 miles per hour. This isa 
continuous 24-hour-per-day test, with the load increased in increments amount- 
ing to 20 per cent of the rated load capacity each 24 hours. The test is started 
at 80 per cent of standard Tire and Rim Association load. This is a very severe 
accelerated test and usually is terminated by a carcass blowout due to heat 


Tasie VIII 
Inpoor Wuee. Tests 


(Tests run according to old [prior to April 15, 1955 revision ] Tire 
and Rim Association load ratings) 


Load 


On tire % ol 
Test Miles (Ib.) standard 
Ameripol SN tire No. 
0 3600 80 
0-1200 3600 80 85 210 
1200-2400 4500 100 SS 220 
2400-3600 5400 120 8Y 235 
3600-3675 6300 140 Tire failed at 3675 miles due to 
separation from carcass cord 
Ameripol SN tire 
0 3600 80 70 
0-1200 3600 80 85 204 186 
1200-2400 1500 St) 21 205 


) 
2400-3600 5400 i) 235 261 
3600-3788 6300 Tire failed at 3788 miles due to 
heat blowout 


Hevea rubber tire No 
0 3600 80 
0-1200 3600 SO) 202 102 
1200-2400 4500 100 220 246 
2400-3600 5400 120 Vv" 230 262 
3600-3656 6300 140 ‘ ailed at 3656 miles due to 
heat blowout 
Hevea rubber tire N 
0 3600 80 70 
0-1200 3600 st) 91 213 223 
1200-2400 4500 100 90 218 240 
2400-3600 5400 120 v1 256 272 
3600-4051 6300 140 Tire failed at 4051 miles due to 
heat blowout 


build-up. Hysteresis of compounds used is a strong influential factor of the 
mileage obtained to failure. The heat build-up in Ameripol SN rubber tires, 
measured by thermocouple needle and air pressure build-up in the tire, was 
slightly less than that in the Hevea rubber control tires. Tires evaluated by 
this method are always run to destruction. The mileages run by the Ameripol 
SN tires to failure were comparable to those shown by the Hevea rubber con- 
trols (Table VIII). Resistance to cut growth (standardized cuts are made in 
the tread grooves before the test is started) was somewhat better in the Ameri- 
pol SN tires (an average of 12 per cent increase of cut growth) than in the 
Hevea rubber control tires (an average of 26 per cent increase in cut growth) 

Test truck operation.—This is also an accelerated service test, but of less 
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severity than the indoor wheel test. The test trucks are operated in the Kerr- 
ville, Tex., area, on a 24-hour-per-day basis at 45 miles per hour. Tires are 
rotated to the four wheel positions at 700 mile intervals. Test conditions such 
as loads, speeds, and inflation pressures are closely regulated. The test is oper- 
ated at standard Tire and Rim Association load for 2800 miles, followed by 2800 
miles at 130 per cent rated load, and then run to failure or completion of 19,600 
miles (whichever occurs first) at 150 per cent rated load. 

The Ameripol SN rubber tires made a very creditable showing. ‘Tread wear 
was 85 per cent that of the standard Hevea control tires. (These particular 
Ameripol SN rubber treads were rerun several times through the tube machine 
during efforts to obtain proper die distribution. This had a deleterious effect 
on the abrasion quality of the treads.) 

tesistance to growth of initiated tread cuts was good—comparable to con- 
trols. Independent cracking was inferior to the control (Table LX 


TasLe [X 
Texas Roap Test 
Conditions of test 
Speed: 45 miles per hour 
Tire size: 11.00 K 20 rayon construction 
Load % of Inflation 


on tire standard pressure 
{est miles (Ib.) load rating (b./seq. in 


0-2,800 5150 100 
2,800-5,600 6700 130 
9, 600-19, 600 7730 150 
Results 

I me hes of cracking Initiated 
independent cracks 
Total length % growth 
lires made of 
Ameripol SN No. 1 64 245 
Ameripol SN No. 2 YS 265 
Hevea rubber No. 3 204 248 
Hevea rubber No. 4 224 191 


* Standard 


The caracasses of all the tires were sound after 19,600 miles of operation and 
have been recapped (a standard procedure) and placed in intracity bus opera- 
tion service 

Mileage contract bus operation.—Tires have been placed in most rigorous 
intercity bus operational service. Speeds may be higher than 70 miles per hour. 
Loads naturally vary. The front wheel positions are usually overloaded (say, 


up to 130 per cent), while rear wheel positions are reasonably close to rated 


loads. It is customary to apply new tires to the front-wheel position, operate 
them for 15,000 to 25,000 miles, and then change tires to rear wheels. Sucha 
routine is followed to obtain optimum service from the tires and to conform to 
the highest safety standards. 

Ameripol SN rubber tires are operating very satisfactorily. The mileage 
on the individual tires naturally varies because they are running on different 
vehicles, but a particular lot of ten tires placed in intercity high speed bus 
service are all sound after accumulation of 600,000 miles of travel to the time of 
regrooving of the treads. Indications are that the tread wear index of Ameripol 
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SN tires is about 85 per cent that of the Hevea control tires. Independent 
tread cracking is inferior to that shown by the control tires, but the severity is 


not alarming. These service tests were initiated during the hot summer 
months, thus adding to the significance of the results obtained 
Summary.—From a practical standpoint, Ameripol SN is equivalent in 
properties to Hevea rubber. This new development has solved the long- 
standing problem of producing by synthetic means a general-purpose polymer 
adequate as a complete replacement for Hevea rubber in heavy-duty tires 
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POLYMER-MODIFIED NATURAL RUBBER * 


F. M. Merrett anv R. I. Woop 


Burien Reoseer Prooverers’ Ressarcn Association, 
Wetwrns Gargpen Crry, Herxrrorpsutae, Enoiann 


PRODUCTION AND CHARACTERIZATION OF GRAFT POLYMERS 
INTRODUCTION 


Polymerization of a monomeric compound such as methyl methacrylate to 
its polymeric form, i.e., to “‘Perspex,’’ occurs according to a mechanism whereby 
the catalyst (C*) first activates a monomer unit (M), which then combines with 
successive monomer units to build up a very long chain: 


C* + M-—>C — M* 
M* + M-— C-M-M?*———C-M-M M= 


This continues growing until terminated by mutual combination with a similar 
growing chain 


M-M M - M* +*M-M M-M-C 
*C-M-M M-M-M-M M-M-C 


giving a stable polymer molecule which in this case is glasslike and rigid. 

Termination can occur by other means. Thus if a solvent (RH) containing 
a labile hydrogen atom is added to the system, some of the growing polymer 
chains may be terminated by the transfer of a hydrogen atom to give dead 
poly mer, 1.€ 


C-M-M M* + H-R-» C-M-M M-H 4 


A new radical or active center R* is formed, which reinitiates polymerization. 
This second polymer chain grows until it is either terminated again in a similar 
manner or by mutual combination as in the first instance. This sequence of 
reactions is known as transfer! and has important practical applications. Thus 
it is used, for example, in synthetic rubber production to control the length of 
the polymer chains formed 

The easier the reaction between the growing chain and RH, the shorter will 
be the final length of the polymer chains formed. This, therefore, affords a 
means of comparing the activity of different monomers towards substances 
containing labile hydrogen-atoms, among which is rubber and its homologs. 
We have done this for a solvent which should act chemically as a model for 


rubber, and the results indicate that the common monomers styrene, methyl 


methacrylate, methyl acrylate, and vinyl acetate increase in activity in that 


order® 


* Reprinted from the Proceedings of the Institution of the Rubber Industry, Vol. 3, No. 1, pages 27-39, 
February 105¢ The present address of F. M. Merrett is Fisons Ltd., Felixstowe, Suffolk, England; that 
of R. I. Wood is Cabot Carbon Co., Stanlow, Ellesmere, Cheshire, England 
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APPLICATION TO RUBBER 


In the case of simple transfer given above, the polymer chains initiated by 
the catalyst and RH (the transfer agent) are essentially the same from a poly- 
meric point of view. If RH is rubber, then the chain terminated by the trans- 
fer of a hydrogen atom from the rubber will be a normal polymer molecule, but 


the chain subsequently formed will be attached to the rubber, i.e 


M-M M* H 


growing polymer rubber 


chain 


vs 
: 


¢-N-N M-H + (4M 7 -M-M-M-M 


), ) 
normal polymer chain “active” rubber , graft polymer 


/ / 


Such graft polymers form one of the four main types shown in Figure 1. Rub- 
ber and methyl methacrylate themselves are simple polymers and synthetic 
rubber is a typical random copolymer. The graft and block copolymers con- 
sist essentially of long sequences of like units and hence can be made from pre- 
formed polymers. Graft polymers in particular were chosen because the above 
method seemed to afford a reasonable way of making them and their structure 
was such as to retain the good properties of the long chains of natural rubber 
while effecting sufficient modification to provide alternative or improved usage 
For example, it was hoped to produce modulus reinforcement with good fatigue 


Simple Polymer Random Copolymer Block Copolymer Graft Copolymer 


Fig. 1 Principal types of 
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resistance Variation in polar character or physical characteristics of the 
modifying polymer would also be relatively easy. 

The aim of the first part of our program was to obtain proof of the formation 
of such graft polymers and to isolate them? It was then proposed to character- 
ize them as completely as possible, that is, to determine the number and length 
of the side chains added, as well as any alteration of the length or character of 
the rubber backbone 


METHODS FOR SEPARATION OF GRAFT POLYMERS 


When methyl methacrylate, for example, is polymerized in the presence of 
rubber, the total product may consist of a mixture of unmodified free rubber, 
graft polymer (i.e., a chemical compound of rubber and polymethy! methacry- 
late), and free polymethyl methacrylate. This mixture can be separated by 


l 


| 
Precipitation range +18 
of rubber (odie) +22 
Tasehin tur bidity 


Compound forms 
a colloidal sol 
which cannot be ) 
flocculated within 
this range. 


| 
| 
! 
| 





183-10! floccuvlates 


ri93 


Precipitation range | 
of polymethy! 
methacrylate 





20% 

Fie. 2 Separation method for rubber-methyl methacrylate grafts 

Percentate methanol addition to 1% benzene solution of polymer 
dissolving it in benzene and adding methanol containing a trace of ionic material. 
As illustrated in Figure 2, the free rubber precipitates out after about 20 per 
cent MeOH addition. Subsequent methanol addition causes the formation of 
a colloidal sol, in which the rubber chains are collapsed and show a white turbid- 
ity, but are kept in suspension by the solubility of the still extended methyl 
methacrylate side chains. When sufficient methanol (183 per cent) has been 
added to collapse these in turn, the sol is no longer stabilized, and the trace of 
ionic material present causes aggregation and the graft polymer fraction can be 
separated. After a further small methanol addition, the free polymethyl 
methacrylate separates. This method‘ is of general application, and any such 
gross polymer mixture can be separated into its three components by using 
suitable solvent and precipitant. 

It is now used for technological control of graft polymers as well as for isolat- 
ing the pure grafts for special purposes. A simple modification serves for the 
rubber-styrene system. It should be emphasized that this separation depends 
entirely on the dual character of the graft, derived from two physically dissimilar 
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Taste I 
Tue PREPARATION oF M-G 23 


Ammoniated latex (60%) 
Water , 
Ammonium caseinate 
Methy! methacrylate monomer (Kallodoc) B 
Tertiary buty! hydroperoxide (75%) 
eruary 1 } I 1 io'% 
Tetraethylene pentamine (10% solution) 18 C 
Add B to A with stirring and then add C, Cease stirring, 
cover and leave 2 hours. Add 
Nonox-EXN (as 20% suspension in water made by ball- 
milling overnight with 1% Lubrol-W) 0.6 D 


Stir and pour into (boiling) 
Water 600 E 
Formic acid (80-95%) 3 .— 
Sheet on drying mill and dry below 80° C 


polymers. It is this same dual character which is responsible for some of the 
unusual technological properties. 

Using this separative procedure, it was found that, with rubber, a profound 
difference in the products occurred when peroxidic catalysts and nonperoxidi 
catalysts (such as azoisobutyronitrile (AZBN)) were used. With the peroxidi: 
catalysts grafting definitely takes place, the characteristic pattern being de 
scribed below, whereas with AZBN there is virtually no grafting. This differ 
ence can easily be demonstrated by polymerizing two portions of a mixture of 
10 per cent rubber and 90 per cent methyl methacrylate monomer with (a) | 
per cent benzoy! peroxide and (b) 1 percent AZBN. The former gives a hard 
translucent, very tough high-impact polymer the graft acting as a mutual 
solubilizing agent; whereas the latter gives an opaque slightly tacky mixture of 
the free rubber and free polymethyl methacrylate which has no strength and 
readily shatters. 


TECHNICAL PREPARATION 


Most of the fundamental experiments with rubber were carried out in 


organic solvents, but for larger scale preparations polymerization in latex is 
much more convenient and accordingly will be dealt with here. The results 
correspond quite closely. Typical formulations® are given below, using methyl! 


TABLE 2 


Tue PREPARATION oF 8S-G 35 


Ammoniated latex (60%) 

Water 

Ammonium caseinate 

Styrene monomer 

Tertiary buty! hydroperoxide 

Tetraethylene pentamine (10% soln.) 

Add B to A with stirring, heat to 55° C. and add C. Cover 
and keep for 6 hours, at 55° C. Add 

Nonox-EXN (as 20% suspension in water made by ball- 
milling overnight with 1% Lubrol-W) 


Stir and pour into (boiling) 
Water 
Calcium chloride 

Sheet on drying mill and dry below 80° C 





710 RUBBER CHEMISTRY AND TECHNOLOGY 


methacrylate and styrene. The peroxamine catalyst system chosen has the 
advantage that neither deaeration nor deammoniation is necessary 

The generic title Heveaplus has been given to these modifications of rubber 
with plastics, etc., the suffix M-G, and S-G indicating methyl metharcylate and 
styrene grafts, respectively, and the number giving the percentage of nonrubber 
polymer present, e.g., Heveaplus M-G 30 refers to a graft methyl methacrylate 
of composition 70 rubber 30 polymethyl methacrylate. 


CONFIGURATION OF HEVEAPLUS GRAFTS 


As an example, the M-G 23 whose preparation is described above has the 
quantitative configuration shown on the left hand side of Figure 3. 
This pattern of long free polymer chains and very short multiple graft chains 


is characteristic of the use of peroxide catalysts. One result is that, even with 


FREE METHYL METHACRYLATE se = 
(185,000) (185,000) 
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Fie. 3 Detailed configurations of Heveaplus grafts 


as low as 5 per cent methyl methacrylate in the total polymer (see right hand 
side of Figure 3), there is still no residual free rubber. 

The modified latexes prepared in this way can be used as such to produce 
reinforced cast films or foams*. This reinforement does not occur with mixtures 
of rubber latex and polymethyl! methacrylate latex. Alternatively, they can be 
converted, as indicated in the bracketed part of the formulae, into the modified 
dry rubber, whose utilization is described in the second part of this paper. 


TECHNOLOGICAL PROPERTIES 
INTRODUCTION 


The main concern in this section of the paper is to summarize the technologi- 
cal properties of those polymer-modified natural-rubber compositions which are 
at present at the pilot plant stage of production and which are available to 
manufacturers in sample lots—namely, the graft methyl methacrylate, graft 
styrene and mixed methyl methacrylate types. 

Some information on general properties has already appeared in print’, and 
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the data given here will of necessity review much that has been published previ- 
ously. At the outset, however, it is felt necessary to emphasize the well rec- 
ognized limitations of laboratory evaluations when delaing with any new ma- 
terial of this sort; the final decision must depend on the outcome of manu- 
facturer assessment in practical applications and under factory conditions. 


APPEARANCE, HANDLING AND COMPOUNDING 


The appearance in the dry-rubber form is attractive, resembling a rather hard 
crepe rubber. Processing can be carried out readily on conventional equip- 
ment, and at 60° to 70° C the polymer component has softened sufficiently to 
make easy mixing, extruding, and calendering, even with materials which show 
a high degree of reinforcement in the final vulcanized condition. For concentra- 


TaBLe 3 


Comparison oF Hevearpius Compositions Basic FoRMULATION 


Zine oxide 5.0 
Stearic acid 1.0 
Sulfur 3.0 
Accelerator 0.7 
Antioxidant 1.0 
N.R./H.A.F 
tread M-G23 M-M23 M-G30 M-M30 
Parts of total polymer 100 130 130 143 143 
Tensile strength 
(kg./sq. cm.) 250 265 244 256 164 
(Ibs. /s8q. in.) (3550) (3775) (3475) (3650) (2330) 
Elongation at break (%) 435% 553% 605% 490% 510% 
Modulus at 100% E 
(kg./8q. em.) 30 29 30 16 49 
(Ibs. /sq. in.) (430) (410) (430) (655) (700) 
Modulus at 300% E 
(kg. /sq. em.) 167 97 71 130 79 
(Ibs. /sq. in.) (2375 (1375) (1010) (1850) (1125) 
Modulus at 500% E 
(kg./aq. cm.) - 230 179 162 
(Ibs. /saq. in.) (3275) (2550) (2305) 
B.S8.1. hardness degrees 70 77 82 00 87 
Press cure at 140° C (min.) 25 20 20 20 2 20 


tions up to about 35 per cent, the polymer constituent can be treated as an inert 
filler so far as compounding for vulcanization is concerned, and any conventional! 
natural rubber systems, other than low-temperature acceleration, can be used 
For polymer concentrations higher than 35 per cent, some additional sulfur and 
(or) accelerator may be necessary to obtain optimum physical properties 

Freedom from scorching is particularly pronounced, for example, a Santo 
cure-accelerated stock which gave a Mooney scorch time at 120° C of 11 to 12 
minutes in an HAF-loaded tread stock, gave 34 minutes in a compound of 
similar hardness and modulus based on Heveaplus M-G 23. 


PHYSICAL PROPERTIES OF VULCANIZATES 


Table 3 shows typical unaged physical properties obtained from Heveaplus 
vulcanizates compared with a natural rubber/high-abrasion furnace black- 
loaded tread stock. The main points to note are: 
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The high tensile strength and breaking elongation of Heveaplus M-G 23 
at tread hardness and modulus at 100 per cent elongation, but the lower 
modulus at 300 per cent elongation 


2) The higher hardness and modulus at 100 per cent elongation, but the 
lower tensile strength and modulus at 300 per cent elongation of mixed 
polymers when compared with graft polymers of similar concentration. 


The lower degree of stiffening obtained with styrene-modified rubbers 
compared with equivalent methyl! methacrylate modified compositions. 


Behavior on oven aging is similar to that of natural rubber and there are no 
significant differences between the different modifying polymers in this respect. 
Figure 4 illustrates the properties of Heveaplus M-G compounds directly 
prepared to cover a range of concentrations and indicates the high levels of 
tensile strength and breaking elongation which can be maintained even for 
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Fie. 4 Tensile properties of Heveaplus M-G vuleanizates covering 
a range of polymer concentrations 


hardness values approaching 90 B.S.I. degrees. Present evidence suggests that 
there is no disadvantage as far as main physical properties are concerned in 
using high-concentration materals as masterbatch stocks and diluting with 
natural rubber to any desired level. Certain processing characteristics, e.g., 
ease of extrusion, may, however, be affected and in such circumstances it might 
be preferable to use materials directly prepared at approximately the concentra- 
tion required in the final product. 


BREAKDOWN AND MEMORY EFFECTS 


If mastication of Heveaplus graft polymers either in the raw or in the com- 
pounded condition is carried out at temperatures above about 70° C, the be- 
havior is similar to that of natural rubber in that both the stocks and the final 
vulcanizates soften with increasing breakdown. However, if the temperature 
is below 70° C, then, although the compounds soften, the vulcanizates become 
progressively harder and it is possible to cover the range from soft rubbery to 
stiff boardy materials by control of the breakdown conditions. Figure 5 shows 
the effect of cold breakdown and Figure 6 the effect of breakdown at different 
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temperatures for a styrene graft polymer of composition 65 rubber 35 poly- 
styrene. The continuous fall of tensile strength and high-elongation modulus 
but the marked increase in hardness and low elongation modulus when cold 
breakdown is carried below about 30 Mooney viscosity, and the change from 
increasing to decreasing vulcanizate stiffness for breakdown temperatures above 
70° C are evident. 
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Fie. 5.-—Effect of cold breakdown of a Heveaplus 8-G 35 compound 
on vulcanizate properties 


A further difference from natural rubber is in behavior, which can conven 
ently be described as a memory effect similar to that exhibited by thermo 
plastics such as polystyrene or polymethyl! methacrylate. If a vulcanizate is 
subjectea to deformation, for example extension, and while held extended is 
heated above 100° C, and then let cool again, there will be no retraction on re 
lease, and the extended length is maintained indefinitely at room temperature 
However, on raising the temperature again, retraction will take place until the 
original undeformed condition is regained (Figure 7). These effects are par 
ticularly marked with high-concentration polymers and with stocks which have 
been subjected to heavy cold breakdown 
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Fie. 6 Influence of breakdown temperature on the stiffness 
of a Heveaplus 5-G 35 v snizate 


ADDITIONAL PROPERTIES 
TEAR STRENGTH 


This is good at normal temperatures but, as might be expected, both tear 
and tensile strength fall off as the temperature rises and the reinforcing polymer 
constituent softens, and at molding temperatures care is needed in removing 


comple ated sections 
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ABRASION RESISTANCE 


At tire-tread hardness, the abrasion resistance of a Heveaplus M-G com- 
pound is intermediate between the equivalent HAF black and MPC black- 
loaded stocks giving a volume loss per 1000 rev. of around 0.250 cc. when tested 
on the Akron abrasion machine. 


RESILIENCE, HYSTERESIS, AND HEAT BUILD-UP 


Dunlop Tripsometer rebound, measured at room temperature on Heveaplus 
M-G at a hardness level of 70 B.S.I. degrees, is of the order of 70 to 75 per cent, 
and this high value is reflected in low hysteresis and low heat build-up, provid- 
ing the operating temperatures are not excessive and both the amplitude and 
frequency of the deformations are low. Under more severe service conditions, 
the difference compared with normal natural-rubber compounds is less marked, 
and with very high temperatures and deformations they may in fact be reversed 


Fie. 8a 
Bonded bush ur 


Black loaded N.R. bush afte 


Heveaplus M-G bush after 


A possible utilization of these improved dynamic characteristics is in the field 
of bonded bush units. Figure 8 shows a conventional black-loaded natural- 
rubber bush after 60,000 cycles of a deformation 20° either side of zero at the 
rate of 120 per minute, compared with a bush prepared from Heveaplus M-G 
after 3,000,000 cycles under similar conditions 


FLEX CRACKING AND CUT GROWTH 


These properties are ones where the laboratory test data are difficult to 
interpret in terms of likely service performance. If tests are carried out with 
Heveaplus M-G at reinforcement levels equivalent to normal tire treads, using 
the de Mattia machine to B.S. 903, no flex cracking is apparent in the time for 
complete failure of black-loaded stocks. Under more severe flexing conditions, 
genuine flexing may be masked by the development of edge cuts, which may 
ultimately cause failure. The behavior of a deliberately initiated cut is also 
peculiar in that initial growth is very rapid, after which the cut seals off, and no 


further growth is apparent on subsequent flexing. In consequence, the ranking 


in relation to conventional filled compounds will be determined by the stage at 
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which the comparison is made. Figure 9 compares natural-rubber tread stocks 


containing MPC and HAF blacks with a Heveaplus M-G tread after 10° cycles 
on the de Mattia, the top row showing flexing and the bottom row cut growth. 
ns of comparison, the Heveaplus compound appears out- 


Under these condition f 
standing, but service life would undoubtedly depend on the actual conditions 
involved 


CONCLUSIONS 


This brief survey of the technological properties of the polymer-modified 


natural rubbers which have so far been developed to the pilot plant stage is 


intended mainly as a guide to possible applications. Obvious fields of interest 
for the dry rubber include molded and extruded articles covering the range from 
the rigid to the elastic state, coupled with a high degree of reinforcement and 


the possibility of obtaining transparent, translucent, or colored vulcanizates if 


behavior 1,000,000 eycles on the de Mattia Top: Flex crack 


cracking and ¢ rrowtl 
H.A.F. tread 3rd pair, Heveaplus M-G 


growtl let pair, M.P.C. tread 2nd pair, 


desired tecent developments based on manufacturer evaluations indicate 
that the main interest at present may center on higher concentration materials, 
either alone or with additional fillers, giving hard rigid vuleanizates, which by 
virtue of the thermoplastic nature of the reinforcing constituent, still retain 
excellent processing properties, particularly with regard to molding behavior. 

Applications in the latex field have not been touched on, mainly because 
problems still unsolved, but one potential use is in the produc- 


tion of foams of similar bulk density but of greater stiffness than natural rubber 


foams, the stiffness still being retained after repeated deformation. 
In conclusion, the materials which have been discussed should not be looked 
din modified rubbers, but simply as the first step towards the 


use of natural rubber as a basic raw material for the production of so called 


there are many 


on as the final wor 


tailor-made polymers 
SUMMARY 


Earlier efforts to prepare and examine rubber-synthetic polymer composi- 
! ° 

tions have made virtually no attempt to determine the nature of the products, 

that is, whether they were simple mixtures or chemical compounds and, if the 





NATURAL RUBBER-PLASTIC RESIN MIXTURES 717 


latter, of what type, and thus to rationalize, if only broadly, thei physical and 
technological properties in terms of their basic structures. The work now de 
scribed has had this object in mind, and represents a cooperative program of 


research, including chemical, physical, and technological aspects 
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MECHANICAL PROPERTIES OF POLYMERS IN THE 
RANGE OF THEIR SOFTENING. ELONGATION 
DIAGRAMS OF RAW AND VULCANIZED 
RUBBER * 


N. A. Yuzerovicu anp E. V. Kuvsurnskil 


A study of the mechanical properties of polymers through the softening range 
is interesting for two reasons: on the one hand, it throws light on the process of 
vitrification, and, on the other, a study of reactions at low temperatures can 
give at least qualitative indications of the behavior of a material at high tem- 
peratures and during rapid dynamic processes, i.e., under conditions where 
direct investigation involves considerable difficulties in the experimental 
method. 

The following substances were studied: unloaded butadiene rubber before 
and after vulcanization, and vulcanized natural rubber. The temperature 
range studied was —100° to 20° C., 

The elongation diagrams were obtained by means of a mechanism con- 
structed in our laboratory. The specimens were stretched in a temperature- 
controlled chamber. Variations of temperature below 0° C did not exceed 
0.5° C, and above 0° C did not exceed 0.2° C. The deforming force F was 
measured with a spring ring dynamometer. The opening of the clamps was 
calibrated with respect to the relative elongation A. A correction was intro- 
duced here for deformation of samples in the clamps. The use of a reducing 
mechanism made it possible to vary the rate of deformation within the limits 
t 0.0016 and 0.08 cm. per sec., corresponding to rates of deformation from 
0.05 to 2.5 per cent per second. 

The specimens were of the dumbbell type (length of measured section: 
lo 2.5 em. and cross-section So ~ 0.036 8q.cm.). Furthermore, a number of 
measurements were made on ring-shaped specimens (outside diameter 3.2 cm.; 
cross-section Sy = 0.05 sq. cm 

After being tested, each specimen was kept at room temperature for a long 
time A piece was cut out of the uniform part and its length and weight were 
measured From these values, and knowing the density of the material, the 
initial cross-section of the specimen, So, could be calculated. 

On the basis of the experimental data, deformation curves were constructed 
in the form of the relations: f = f(A) and o = a(A), where f= F/So is the 
specific load (conventional stress), and A l/lo is the relative elongation. 
g F/S F-L/t (F/So)d is the stress (disregarding changes of the volume 
of the material during deformation). 

Diagrams of the deformation of vulcanized butadiene are shown in Figures 
la and lb. At temperatures between —28° and 20° C, the stress o increases 
smoothly with the elongation. The lower the temperature, the steeper are the 
curves. When the material begins to harden, phenomena of forced elasticity 

slated for Runsen Curmisray anv Tecuno ioey from the Zhurnal Teknicheskoi Fiaiki 8.8.8.R., 
8, pages 1443-49 (1953 
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are observed. At temperatures < — 42°C, the laws change abruptly. A peak 
appears on the initial segment of the diagram of stretching (A = 1.05 to 1.15), 
the value of which increases with a decrease of temperature. After the fall of 
stress beyond the peak, a gradual increase of stress with elongation again takes 
place. This segment of the diagram is not always uniform. Often local breaks 
and jumps are observed. After the load is removed, the specimens remain in a 
deformed state. It is sufficient only to heat them gently, and their rubberlike 
elasticity is restored, and they shrink to their original size. No irreversible 
changes or interruptions in the structure of a polymer were observed during 
elongation at low temperatures (for example, at temperatures of —45 to 10° 
CuptorA = 3to4. If the specimens are again cooled and stretched a second 
time, the diagram of repeated deformation differs slightly from that obtained 
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in the first experiment. Sometimes small deflections appear in the first stages 
of deformation; these disappear during further elongation. The formation of 
deflections cannot be a cause of the appearance of peaks, if only because such 
peaks are also observed during compression, when no deflections are observed 
On the other hand, it is easy to show that the presence of a peak, or rather a 
section in the diagram of stretching where the strain falls with further stretch- 
ing, facilitates irregular longitudinal deformation of the specimen, that is, the 
appearance of a deflection. 

The decrease of stress during deformation can not be related to the initial 
heating of the specimen. In the initial stage, where the tension increases with 
elongation, the work of deformation, and, consequently, heating of the speci 
men, is slight. The temperature hardly ever increases, even under complet 
adiabatic conditions, more than 0.1 to 0.3° C 

The shape of the deformation curves is essentially dependent on the rate of 
stretching; an increase in the latter is qualitatively equivalent to a decrease in 





20 RUBBER CHEMISTRY AND TECHNOLOGY 


the experimental temperature. In fact, experiments with vulcanized butadiene 
at 0 42 to 45° C (Figure 2) showed that the nature of the curves is entirely 
different at different deformation rates. If, when the rate of elongation is 0.05 
per cent per second, we observe a steadily increasing stretching curve, then, 
when the elongation is 2.5 per cent per second, the curve has the characteristic 
peak of the initial stage. Consequently, the time-relaxation processes play an 
important role in the phenomena observed in the range of induced elasticity. 
The stresses which develop in the specimen during stretching at a low rate can 
be resolved to a large degree. Hence at low rates of deformation, the peaks 
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appear only at lower temperatures. The’change of rate of deformation from 
2.5 to 0.05 per cent per second is equivalent to a decrease of temperature of 
about 5° to &° C 

All the peculiarities of the elongation diagram observed in the range of 
vitrification appear in vulcanized rubbers as well as in raw rubbers (Figures 
3 and 4 experimental data from dumb-bell and ring-shaped specimens is 
shown in Figure 4. A comparison of the data shows that the law is the same in 
all cases; only in the ring are the stresses somewhat lower This is evidently 
due to the fact that the ring is not uniformly loaded. The outer layers are de- 
formed comparatively more than the inner layers, which smoothes out the top 
of the peaks and, in general, evens out the entire deformation curve. A num- 
ber of experimental data from specimens vulcanized to various degrees are shown 
in Figure 5. As is seen, the curves do not differ greatly for raw and vulcanized 
butadiene rubber. Consequently, the existence of a spatial network, due to 
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cross-linking, of the separate linear molecules with vulcanization bridges has 
little influence on the properties of the material in the vitrification range. 

The shape of the deformation curves in the vitrification range is unusual 
not only in the case of butadiene rubber. The experimental data presented in 
Figure 6 show that, in the case of vulcanized natural rubber in the range of 
vitrification, the same characteristic peaks are observed in the initial sections 
of the curves. The only difference between this case and that of vulcanized 
butadiene rubber is that the peaks are observed here at lower temperatures. 

The deformation curves of plastic s, such as acetyleellulose, poly methyl- 
methacrylate and polystyrene, have a similar shape The latter two sub- 


stances were studied in considerable detail by Lazurkin and Fogelson In our 
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laboratory, G. A. Lebedev studied the mechanical properties of polyvinylace- 
tate films. He also observed the characteristic peaks of the deformation 
curves (Figure 7 

It is necessary to bear in mind that it was with plastics—polystyrene and 
methylmethacrylate—that the existence of peaks on the curves of compression 
as well as those of elongation was demonstrated? 

The analogous behavior of raw and vulcanized rubbers and plastics (poly- 
vinylacetate, polystyrene, methylmethacrylate, acetylcellulose) shows that the 
laws observed characterize all linear weakly side-chained and weakly cross- 
linked polymers in the range of “induced elasticity’, as it was called by Aleks- 
androv‘, This reflects the structural peculiarities and intermolecular reac- 
tions common to the whole class of polymers indicated 
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As has been shown previously, raw and vulcanized rubbers at low tempera- 
tures lose most of their capacity for spontaneous shrinkage. Data for raw 
butadiene are shown in Figure 8. The load was removed twice during the 
experiment, the results of which are shown in Figure 8a. In both cases, only 
slight shrinkage of the specimen was observed after release of the load. A 
completely unstressed specimen shrank very slowl; testoration of the di 
forming force brought the specimen back to the original curve. The deforma- 
tion curve obtained when stretching was periodically interrupted and the speci- 
men was held in the deformed state is shown in Figure Sb. Rapid relaxation of 
stress was observed from the moment when deformation ceased. AtA 1 to 
1.5, the stress fell 8 to 10 times in 2 to 3 minutes. AtA > 2.5, the fall of stress 
was not so rapid: to 20 to 30 per cent of the original value in 10 to 15 minutes 
After renewed deformation, as in the preceding experiment (Figure 8a), the 
stress rapidly reached the value corresponding to that of continuous deforma- 
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Fig. 8.—Relation of specific loads to relative elongation of raw polybutadiene 
rubber rings. Rate 2.5% per second 


tion Consequently, the processes which cause the comparatively rapid re- 
laxation of stress do not greatly affect the behavior of a material during sub- 
sequent deformations 

It is worthy of note that the relaxation of stress was also observed when the 
initial stage of deformation was interrupted before the maximum value of the 
stress was reached at the peak. This contradicts the statement of Lazurkin and 
Fogelson? that, at the beginning of deformation, the material behaves like a 
perfect elastic and the relaxation processes take place only when the stress peak 
is reached. 

The disappearance of the peaks when the rate of deformation is reduced 
(Figures 2, 3) also attests to the fact that there is no purely elastic initial section 
of the deformation curve 

Some long-lasting processes which accompany the fairly constant low resid- 
ual stresses retained by the deformed material have a very different effect 
They lead to stiffening of the material testoration of deformation after a 
long interval again shows a stress peak, The specific load in the second peak 
when A ~ 2 to 2.5 always has a lower value than the first peak in the range 
A ~ 1.05 to 1.10, while the values of the stress at the peak are the same or 
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higher in the second peak. After along interruption atA > 3.5, that is, in the 
range where the stresses during continuous deformation are greater than the 
stress at the peak for A 1.05 to 1.10, if the experimental temperature and the 
rate of deformation are constant, no peak is observed 

At the present time, it is difficult to explain all the observed phenomena. 
Undoubtedly the peculiarities of the deformation curves reflect the nature of 
the molecular processes which accompany the deformation of linear weakly 
cross-linked polymers, such as regroupings of the polymer chains. The latter 
is noticeable only under considerable external mechanical influences. When 
the stress is removed, these reactions are irreversible. Only at high tempera- 
tures can heat transfer rapidly restore the original orientation of the molecules 
It is possible that these regroupings are localized principally in the chains or the 
ends of the chains, which interpenetrate the individual molecular conglomer- 
ates. It is these reactions which must serve primarily as an obstacle to unwind- 
ing and stretching out most of the polymer chains formed at great deformations 
Hence, at deformationsA > 3.5 the intersecting effect becomes less pronounced, 
and the peaks do not appear even after the specimens are kept for a long time 
in a deformed state 

It is seen that the phenomens hich accompany deformation of polymers in 
the vitrification range are complex, and can not be subsumed simply as a de- 
crease of elastic relaxation time with stress It is clear that the ideas « x pressed 
by Aleksandrov‘, upon which the work of Lazurkin and Fogelson? was based, 
are too schematic 

In conclusion, we observe that the nature of the mechanical effects which 
determine the vitrification temperature must be carefully analyzed. In the 
light of our data on the mechanical behavior of linear polymers, it is not possi- 


ble at present to establish precisely what is, in fact, being measured in a given 


case. 
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A COMPARISON OF THE DYNAMIC PROPERTIES OF 
NATURAL RUBBER AND GR-S* 


J. Papas, S. L. SHurier, ano T. W. DeWiTm 


or InpusrataL Researcn, P1 eG NNSYLVANIA 


INTRODUCTION 


It is well known that high molecular weight, uncross-linked, amorphous 
polymers show a characteristic behavior with respect to the dependence of the 
dynamic modulus on frequency and temperature Generally these materials 
at high frequencies and(or) low temperatures, are glasslike, with a modulus of 
approximately 10" dynes/cem,? As the frequency is lowere d or the temperature 
raised, this modulus drops rather quickly to the region of 10° to 10’ dynes/em,? 
and remains in this neighborhood for a while to form somewhat of a plateau, 
the length of which depends on the molecular weight. With a further lowering 
of frequency or rise of the temperature, the modulus again drops off in a fashion 
which is strongly dependent on the molecular weight and molecular-weight 
distribution and the material enters a plastic or liquid-like region. This gen 
eral behavior seems to be characteristic of long-chain molecules in general, and 
differences in structure are more likely to be reflected in differences of detail, 
and in the temperature ranges in which the afore-mentioned regions occur, than 
in any considerable divergence from the general pattern. A comparison be- 
tween the dynamic properties of the two important elastomers, GR-S and 
natural rubber, is here reported. In preliminary work in this laboratory, it has 
been observed that GR-S shows an appreciably higher level for the plateau 
region than natural rubber. It was felt that this and other possible differences 
between the two materials would merit exploration, particularly for any impli- 
cation that the results might have for the long-standing problem of the origin 
of the tendency of GR-S to show a greater development of heat under repetitive 
stressing than natural rubber. 


EXPERIMENTAL 


The high molecular weight end of a rough fractionation of a GR-S contain- 
ing 20 per cent bound styrene was used, This was prepared in a standard 
recipe at 50° C at the Government Laboratories, University of Akron. The 
natural-rubber sample also was the high-molecular cut of a sample of crepe 


rubber The viscosity-average mol 


ecular weight of both samples was some- 
thing over a million. Sheets were solvent-cast from benzene solutions and 
rectangular samples died out. Several such samples were placed together to 
give a thickness best suited for the temperature range under investigation It 
was, in general, necessary to use several samples of different thicknesses in 
order to bring the measurements within the range of the instrument. 

The instrument used for the measurements has been described more in 
detail elsewhere?. In brief, it is a torsion pendulum operated electrically in 


* Reprinted from the ul of Polymer Science, \ 7 A 24 A ; The work discussed in 
thie article was perfor {as a part of the research project sponsored by the Office of Synthetic Rubber 
Reconstruction Finance Corporation, in connection with the Governme yothetic-rubber progran 
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NATURAL RUBBER 
MiG MOLECULAR WEIGNT FRACTION 
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rt of reduced dynar modulus of natural rubber 
as a funetion of fre 


forced vibration from a low-frequency sine wave generator. Measurements 
consist chiefly of a determination of the relative amplitudes of the driving force 
and the sample response and of the mechanical phase angle betweenthem. The 
instrument is housed in an air thermostat, which permits the regulation of the 
temperature at any place between —80O and +100° C. The frequency range 
was from 2 cps to 5 & 10° cps. Some difficulty had been anticipated from 
crystallization in natural rubber at temperatures of —10 to —30° C, but none 
was encountered, It is presumed that the length of time (one to two hours) 
that the sample remained in this temperature range was not sufficient to permit 
an appreciable amount of crystallization 


RESULTS 


The data are obtained in terms of G’ and G”, the real and imaginary parts 
of the complex modulus. From these the corresponding compliances, J’ and 


J’, may be calculated from the expression 
J’ G'/L(G’ 


yt GG” /T(G’ 
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Moduli were reduced for temperature by the method suggested by Ferry’, 
whereby the limiting, low-temperature, glass compliance, J’., is subtracted out 
of the real part of the compliance before the usual temperature reduction is 
made. Thus: 

(J’ - de Tp T p 


and 


J", = JI" (T/T wo 


where the subscript p denotes the reduced quantity, p is the density of the 
sample at the temperature 7’, and po is the density at the reference temperature 
To. The reduced moduli are then obtained from 
G', J’, (J’,)? T (J"; J 
and 
G", = (J »)/E (sp)? + 
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“ANIZED GR-S 
JLAR WEIGNT FRACTION 


10 
G) { RADIANS/ SEC) 


ec modulus of GR-S as a function of frequ 


teduced loss factors may be obtained from 


tan, 6 P f J ald 
Density corrections were made using the data of Witte and Anthony‘ 

The reduced moduli G’, and G”, are shown for natural rubber in Figures 1 
and 2. and for the GR-S in Figures 3 and 4. By shifting the G’, curves along 
the frequency axis, the composite curves shown in Figure 5 are obtained. The 


frequency axis is the reduced frequency, war, where w is the angular frequency of 


the measurement and ar is the shift along the frequency axis necessary to 
achieve superposition. The same type of shifting can be done with the G’’,, 
and the results of this are shown in Figure 6 for both materials 
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The shifting factors ar are the temperature coefficients of the relaxation 
times, and it is to be expected that the same values would be obtained from 


shifting either the G’, or the G’, values, and that 
tan,6 = G”,/G’, 


should also superpose using these same ar values. Tan,4 for both materials 


are plotted in Figure 7 against the reduced frequencies based on ar obtained 
from the shifting of G’,. The results are just fair. There seem to be some 
irregularities in the neighborhood of the steep rise of modulus that occurs as the 
apparent second-order transition region is entered. There is also some evidence 
that heights of the tan, 6 peaks, as a function of frequency, are not independent 
Whether or not these irregularities are significant with respect 
In the case of tan 4, 


of temperature 
to a failure of the superposition procedure is not certain 
they may merely reflect a greater sensitivity of the loss factor to inaccuracies 


in the data. 
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The logarithms of the ar values obtained independently from the shifting 
of both G’, and G”, are plotted against 1/7 in Figures 8 and 9 for natural rub- 
ber and GR-S, respectively. Agreement between the two sets of data for GR-S 
is quite adequate but, in the case of natural rubber, there is some discrepancy, 
and again there is a suggestion that the superposition procedure may require 
some reexamination. 
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Fie. 7 Reduced loss factor for GR-S and natural rubber as a function of reduced frequency 


The distribution function of relaxation strengths, computed from the G’, 
curves using Ferry’s second approximation method’, is shown for both materials 
in Figure 10. 

DISCUSSION 

An interesting feature of this comparison between natural rubber and GR-S 
is the similarity in their dynamic behavior, a result perhaps not unexpected in 
the light of accumulating experience with other polymer systems. Natural 


rubber has a lower apparent second-order transition temperature than GR-8, 
and the transition region, judging from tan, 6 curves, seems somewhat sharper 
The low temperature, limiting glassy modulus is higher (1.1 * 10" dynes/cm.*) 
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for natural rubber than for GR-S (6.6 10° dynes/em.*). On the other hand, 
the modulus in the rubbery plateau region is higher in the case of GR-S. The 
existence of this region may result from the presence of coupling between chains, 
which confer a quasi-network character on the material reminiscent of a gel. 
If #0, such coupling must be higher in GR-S than in natural rubber. The bonds 
involved must be either of a van der Waals nature or the result of entanglements. 
In any case, they relax readily and the effective modulus drops off at low fre- 
quencies, unless a network of more permanent chemical cross-links has been 
introduced, In the latter case, there will be a modulus associated with this 
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latter network and, if it is lower than that of the temporary gel-modulus char- 
acteristic of the material, a modulus dispersion will result; increased dynamic 


losses always result from such a dispersion. It is suggested that this may be at 
least a contributory factor, and may be a major one, to the undesirable loss 
characteristics of GR-S. For example, if natural rubber is vulcanized to a 
given degree, say equivalent to a permanent network modulus of 3-4 « 106 
dynes/cm.?, the gel modulus, also with about this value, will lose some of its 


effectiveness and the chance of running into a dispersion region will be mini- 
mized. On the other hand, if GR-S is vulcanized to the same degree, its gel 
modulus, around 10’ dynes/cm.? will dominate in one frequency range and the 
permanent network in another. This situation could, perhaps, be avoided by 
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vulcanizing GR-S to a higher degree, but this might adversely affect other 
properties, and, indeed, might defeat its own purpose by bringing the apparent 
second-order transition region up to higher temperatures. Dilution (oil 
extension) might also be expected to help by cutting down the number of chains 
per unit volume and thus the value of the gel modulus. In this connection, 
it must be remembered that oil extension will also lower the equilibrium vul- 
canized modulus, by virtue of the reduced number of effective chains per unit 
volume, if vulcanization is carried out 80 as to involve a given fraction of mono- 
mer units in cross-links. In this case, the whole modulus level will be lowered, 
probably without the elimination of any dispersion region. In order to com- 
pensate for this, a higher level of vulcanization should be sought so that the 
number of effective (permanently cross-linked) chains is increased by having a 
smaller molecular weight between cross-links In this way, it is possible to 
insure that the equilibrium vulcanized modulus is as high as the gel modulus 
and any dispersion between the two eliminated. In what way the presence of 
fillers modifies the above behavior is not known 

There was some evidence in the present work that tan 6 and G” might be 
starting to rise again after the limiting glassy modulus had been reached, and 
this suggests that there may be additional processes occurring at lower tempera- 
tures, that give rise to other loss peaks. Such peaks have been observed for 
other polymers in the glassy region®. 

Some caution should be exercised in assigning significance to the absolute 
values of the reduced frequencies assigned to the transition regions of the super- 


posed plots in Figures 5,6, and 7. Aside from any possible inadequacy in the 


reduced variables treatment, such as might arise if all relaxation times do not 
depend the same way on temperature, there is considerable error possible in the 
shifting procedure, on which the values of ar are based. Since the individual 
curve sections are shifted successively to coincidence, starting with that at 
room temperature, errors are cumulative. They are particularly severe in the 
flat region at the foot of the transition region. Uncertainties of one-half or 
even one decade in reduced frequency may easily accumulate by the time the 
transition region is reached 


SYNOPSIS 


The dynamic moduli and loss factors have been determined for high-molec- 
ular samples of GR-S and natural rubber. Comparison of the two sets of data 
shows that the general characteristics of the two materials are similar. The 
main differences are that GR-S shows a higher temperature for the apparent 
second-order transition, and also a higher value for the modulus in the rela- 
tively level portion of the highly elastic region. The usual superposition pro- 
cedures are used for correlating the data. Several indications that the equiv- 
alence of frequency and temperature may not be of universal applicability 
are noted. It is suggested that the higher elastic plateau modulus of GR-S 
may, in conjunction with usual levels of vulcanization, lead to a modulus dis- 
persion, with its attendant loss, and thus be a contributing factor to the lower 
resilience and higher heat development characteristic of GR-S. 
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CHEMICAL RELAXATION OF STRESS IN 
POLYURETHAN ELASTOMERS * 


J. A. OrrFENBACH AND A. V. ToBOLskyY 
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INTRODUCTION 


In a recent series of communications from the Bayer Laboratories', the prep- 
aration and properties of a new series of polyurethan elastomers obtained from 
polyesters and diisocyanates have been described. These elastomers, under 
the generic term of Vulcollan, are analogous with the product known as Adi- 
prene B, which has very recently been announced by the du Pont laboratories? 
This latter material differs chemically from Vulcollan in that the main network 
chain is composed of polyether segments rather than polyester segments. All 
these synthetic elastomers have been found to display excellent properties with 
respect to tear strength, tensile strength, abrasion resistance, rebound resilience, 
resistance to swelling in common organic solvents, and resistance to aging, 
deterioration from exposure to air or ozone. However, noticeable deleterious 
effects of temperature on elastic modulus and tensile strength were noted?, 
indicating that chemical changes were occurring 

The applicability of measurement of relaxation of stress at constant strain 
has been found useful in following the chemical network degradation of many 
polymeric substances, e.g., natural rubber, in which oxidative scission of chains 
was the prime factor‘, and disulfide rubbers®, and silicone elastomers®, in which 
mutual exchange of network bonds was thought to be responsible for decay of 
stress. 

The basic link between the mechanical behavior of a cross-linked polymer 
and its chemical constitution is given by the fundamental equation of rubber 
elasticity’: 


f = NkT (a ; } 1) 
a 

where f is the stress based on original cross-section, N is the number of network 
chains per unit volume of rubber, and a is the strain or relative elongation 
At constant strain and temperature, the stress at any time should be propor 
tional to the number of network chains maintaining stress per unit volume 
Even if there were departure from this theory, it would be expected that a decay 
of stress would still be related to a decrease of the number of network chains 
maintaining stress. Since a dynamic equilibrium between breaking of bonds 
and reformation of new bonds is possible ntermittent’”’ measurements are 
made, in which the sample is stretched only for a period of time necessary to 
determine the stress, and then is released to its initial position. The latter 
measurement is believed to represent the difference between the rate of scission 


of bonds and the rate of formation of new bonds. whereas a continuous measure 


* Reprinted from the Journal of Colloid Science, Vol. 11, N pages 39 47 ebrua 19% This work 
is based on a thesis submitted by J. A. Offenbach in partial fulf et quirements of the degree of 
Doctor of Philosophy at Princeton University 
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ment of decay of stress is thought to measure only the decay of bonds, since any 


new bonds formed would be in equilibrium with the strained condition and not 


contribute to the stress* 
EXPERIMENTAL 
MATERIALS 


prepared essentially as in patents and publications 


Sample h of \ ule ollans 
United States Rubber Com- 


of the Bayer Company, were obtained from the 
pany, and used without any further treatment. Three basic types of com- 
pounds were investigated. Common to all three was the starting material, a 
2000, prepared from adipic acid 


polyester of molecular weight approximately 
The components of the 


and a mixture of ethylene and propylene glycols 
three samples were as follows 
A. Polyester, diphenylmethane diisocyanate, and water as cross-linking 


agent 
B. Polyester, naphthalene 1,5-diisocyanate, and 1,4-butanediol as cross- 


linking agent 
Polyester, toluene 2,4-diisocyanate, and an aromatic diamine as cross- 


linking agent 


A sample of Adiprene B was kindly furnished by the du Pont laboratories. 


EQUIPMENT AND PROCEDURE 


All measurements were made on an instrument previously described‘, except 


that the relaxometer was modified for use of strip samples. This proved very 
A full description of this modi- 


advantageous and convenient for these studies 


fication is given elasewhere® 


RESULTS AND DISCUSSION 


laxation behavior of the three Vulcollans and Adiprene B have been 


Stress rela 
studied over a temperature range of 90° to 130° C, and an extension of 20 per 


cent kixtension Was not ine luded as a Variable, since it was shown to have little 


or no effect in other polymeric systems exhibiting stress decay due to cleavage 


I 


of chemical bond 
Qur data have been presented in terms of percentage of residual stress, 


100f/fo, as a function of logarithmic time. The original stress present in the 
ined by graphical extrapolation to an arbitrary time, 0.01 


sample was detern gy) 


the case of continuous measurement, and 0.1 hour for intermittent 


hour ip 

measurements 
Absolute magnitudes 
cent or better and duplicate determinations plotted on a relative basis were com- 
data for the continuous runs for Vulcollan A are 
and the intermittent data for Adiprene B in Figure 2. 
Comparison of stress decay curves for all samples at 120° C is made in Figure 3 
Common to all four samples is the fact that all appear to approach zero stress 
asymptotically and that the greater portion of the decay takes place within two 
Such behavior is similar to that shown by poly- 


of the initial modulus were reproducible within 5 per 


pletely superposable. The 
presented in Figure | 


cycles of logarithmic time 
sulfide rubber®, natural rubber*, and silicone rubber In these materials, 
chemical scission of bonds was deduced to be the underlying factor None of 
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the linear polymers which stress-relax owing to internal flow processes have 
ever shown a two-cycle decay, but extend over many cycles of logarithmic time 
Of course, predominantly chemical relaxation effects would be expected in an 
extended three-dimensional structure such as polyurethan rubber, in which flow 
would be ruled out as a rate-controlling step 

For natural rubber and polysulfides at high temperatures, a good fit was 
found to the equation f/fo e~"? in which 7 is a characteristic relaxation time, 
and this also approximately fits the chemical stress decay of polyurethan rub 
bers. The magnitude of tr may be calculated as the reciprocal of the time re 
quired for the force to reach 1/e of its initial value. By identification of 1/7 


with a chemical rate constant k, it is then possible to determine an activation 


energy for the process. A composite plot of —log 7 or log k vs. 1/T7' is given in 
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Figure 4. Activation energies were computed from the slopes in the usual 
way, and are summarized in Table I. It is seen that all have the same order of 
magnitude, and the sample which shows the most rapid stress decay (Adiprene 
B) relaxes only about 2.5 times as fast as the Vulcollan B, which is the slowest. 
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Fie. 4.—Temperature dependence of relaxation times 





STRESS RELAXATION OF POLYURETHAN ELASTOMERS 739 


Referring to Figure 2, the results of the intermittent runs are in marked 
contrast to the continuous stress relaxation. The intermittent curves for Vul- 
collan C are similar to this. Since the decay of stress here is due to the diffe: 
ence between the rate of bond formation and the rate of bond cleavage, it is 
apparent that considerable reformation of bonds is taking place. 


EFFECTS OF ADDED SUBSTANCES 


Preliminary experiments were begun to determine the effects of extraneous 
chemical substances introduced into the rubber. Vulcollan A was immersed in 
water at 90° C for 1 hour, with weight increase of 2 per cent, and then its stress 
decay characteristics determined at 90° C in an atmosphere containing water 
vapor. No difference between treated and untreated polymer was discernible 
in either the continuous or intermittent relaxation curves. To determine the 


Taste I 


Sample 


Vulcollan A 
Vulcollan B 
Vulcollan C 34 ; 
Adiprene B 30.5 4 


effect of incorporated hydroxyl! groups, a compound was sought in which a high 
degree of weight retention was available at elevated temperatures. A specimen 
of Vulcollan B was immersed in polyethylene glycol No. 300 at 80° C for 1 
hour. There resulted an initial weight increase of 16 per cent, and at the end 
of 40 hours in a circulating oven at 110° C, about half of this quantity was still 
present in the rubber. A marked physical change had also appeared, in that 
the rubber became very soft and possessed very low tear strength. More 
quantitative information is provided by the comparison of the continuous stress 
relaxation curves for both the untreated sample and the one in which polyethy! 
ene glycol was present. For the untreated sample at 110° C, the time to attain 
1 /e of the initial retractive force is 19 hours, contrasted with 6.8 hours for the 
treated sample. The mechanism for this reaction is not yet known; the glycol 
groups could presumably exchange with the main-chain polyester linkages or 
possibly with the urethan linkages. 


STRUCTURE OF POLYMEKS 


A brief review of the general methods of preparation of these polymers will 
reveal the labile points at which network scission might be expected. The 
basic process may be divided into chain formation, chain lengthening, and net 
work formation. Common to all three Vulcollans was the starting material of 
polyester of molecular weight 2000, prepared from adipic acid and a mixture of 
ethylene and propylene glycols. By addition of a 30 per cent excess of a diiso 
cyanate, generally aromatic, it was possible to link two or three of these chains 
together by formation of urethan bonds. Further lengthening of the chains is 
possible through the following processes, outlined by the Bayer papers 

A). Addition of water will cause the elimination of carbon dioxide between 
two isocyanate groups through formation of a substituted urea bridge, thus 


Ki 


NCO OC N—~~ SO H,O | ’ Nee CO; 
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B). Addition of a glycol proceeds by linking two polyester chains through 


; 


formation of adjacent urethan groups, thus 


HO 


a 
\\—_—_—_—— 


H H 


s thought to proceed Via reaction of the 
ms formed urea groups with isocyanate polyester 
jains still present. Analogous reactions of low molecular-weight disubstituted 
ureas have been found to proceed in this manner, through formation of new 
urea linkages, giving a substituted biuret structure. In like manner it is rea- 
sonable to assume that the hydrogen atoms in the newly formed urethan groups 
of (8) furnish the sites for cross-linking Lower molecular-weight analogs of 
this reaction are likewise known In the elastomer formation, however, it is at 
present not known whether one or both of the urethan hydrogens are capable 
of further reaction 
Complete information regarding the formation and structure of Adiprene 
B is not at present available, although it is known that the main network chains 
are formed from polyethers rather than polyesters, and the chain lengthening 
process also proceeds via formation of urethan bonds 


POSSIBILITIES FOR BOND SCISSION 


1. Ester cleavage teferring again to the experimental stress relaxation 
data, it seems reasonable to rule out the possibility of stress decay by virtue of 
ester-ester interchange, since parallel behavior is shown by the polyether 
urethan as well. In addition, previous experiments in this laboratory" show 
that a much slower chemical decay of stress is present in elastomeric polyester 

ulcanizates of both the Paraplex type and the similar poly ster rubbers of the 
succinic acid-propylene glycol type (vulcanized by benzoyl peroxide) which 
were originated in the Bell Telephone Laboratories. For example, in a con- 
tinuous stress relaxation experiment at 130° C, the time required to reach 1 /e of 
the initial value of the modulus was 75 hours for the Bell Telephone rubber. 
These times varied from 34 hours to 240 hours for the Paraplex series. On the 
other hand, for the Vulcollan type rubbers, the relaxation times were approxi- 
mately | hour at 130° C 

2. Urethan cleavage.-—Simple low molecular-weight urethans are known to 
be thermally unstable The presence of the corresponding isocyanates has 


been noted by Hofmann" on distillation of phenyl, tolyl, and naphthyl urethans. 
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An extensive investigation has been made by Petersen and others" on decon 
position products of urethans formed from low molecular-weight diisocyanates 
By use of their Cellit (acetylcellulose) test, it was possible to define a character 
istic decomposition temperature for each urethan For many of these con 
pounds characteristic temperatures of 180° C were found, although a few ex 
tended as low as 120°-130°C. It is, therefore, not impossible that urethan 
cleavages in the elastomer are responsible for the observed stress decay 

3. Disubstituted ureas.—Simple low molecular-weight disubstituted ureas 
are also known to be thermally unstable Utilization of the thermal decon 
position of substituted ureas has led to the synthesis of isocyanates by vapor 
ization of ureas in the presence of hydrogen chloride", although a temperature 
of 370° C was required for 99 per cent dissociation. Qualitatively the presenc« 
of isocyanates has been observed in liquid phase decomposition of ureas'®, in 
solution'®, and by distillation of molten disubstituted ureas'’, and treatment of 
molten ureas with phosphoric anhydride” or dry hyd n chloride’*. The 
difficulty of applying this decomposition as a s ec method lies in the re 
combination of products. This recombination appears relevant to the inte: 
pretation of our intermittent stress curves, w h measure the net change 
between bonds cleaved and bonds reformed 

In many cases the cross-links are very probal trisubstituted urea link 
ages These would also be 4 possible site for bond sei 1, and 
stinctively that this is a very likely possibility 

4. Urethan vs. substituted urea linkages as the labile site It } 
possible, with the data at hand, to ascertain more definitely the actual 
network scission 

If scission were to occur at « ross-links only, the relaxation time at 
temperature would be independent of the modulus of the specimen, i 
pendent of the concentration of cross-linkages. If the scission occur 
than linkages between cross-links, then the relaxation time would be inversely 
proportional to the number of urethan linkages between cross-links, i.e., it would 
be shorter for specimens of low modulus. For certain rubbers, the substituted 
urea linkages might occur only at the cross-links 


A possible clue as to which bonds are being attacked might be obtained b 


studying rubbers prepared from polyesters of different degrees of polymerization 
a pre} | | 


SUMMARY 


The chemical stress-behavior of polyester urethan elastomers and a poly 


ether elastomer have been determined through a temperature range of 90 
130° C. Since both the polyether and poylester had approximately the same 
rates of stress decay, it was necessary to exclude ester-ester interchange 


reaction mechanism, and to regard the known thermal! litv of the 
urethan groups as indicative of possible sites ol 
possibility for the weak link is the trisubstituted 
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GENERAL CONSIDERATIONS 


As is known, it is possible to calculate the distribution of internal stresses in 
a solid body which is subjected to mechanical action by making use of a suitable 
transparent model stressed in a similar way and by examining the model in 
polarized light between crossed nicol prisms. 

When the solid to be examined is planar and subjected to a system of forces 
which all act in the same plane, the photoelastic method can be applied quit 
simply. When a ray of polarized light passes through the model, the light 
itself is changed by accidental birefringence resulting from the material being 
in a state of strain. The ray of light, analyzed as it emerges from the model, 
takes the form of illuminated zones and dark zones, from which both the 
intensity and the direction of the internal stresses can be determined 

When the solid to be examined is not planar, it is necessary to have recourse 
to special techniques of three-dimensional photoelasticity. By this means 
tests are still possible, but difficulties are encountered both in the preparation of 
models and also in their optical examination and in the interpretation of the 
results obtained. 

Although examination of three-dimensional stresses in solid rubber objects 
which are highly deformed is possible experimentally, in the majority of cases 
an examination of plane models can, even if it gives only approximate results, 
be regarded as satisfactory, and therefore all the considerations in the present 
report are limited to this particular case 

Jefore passing on to a brief description of the photoelastic method, some 
accepted definitions of terms concerned with the subject under discussion may 
be given, 

Principal directions.—These are the three spatial directions, ; erpendicular 
to each other, along which the stress at every point isa normal one. In a plane, 
there are two principal directions, and the normal stress along each of them is a 
maximum or a minimum with respect to those which act in the other directions 

Principal stresses.—T hese are the normal stresses which act along the princi- 
pal directions. 

Principal strains.—These are the strains corresponding to the principal 
stresses in an isotropic material. 

Stress trajectories. —These are lines whose tangets are every point on them 
coincide with one of the principal directions at the same point 


ACCIDENTAL BIREFRINGENCI 


A ray of monochromatic polarized light which passes through a sheet of 


transparent isotropic material perpendicular to its plane is decomposed, when 


* Translated for Russer Cusmisrny ann Tecuno.oar f Pirdli, Ricerca « Seiluppo, No. 4, pages 
2-10, January 1956 
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the sheet is stressed, into two rays vibrating in planes perpe ndicular to each 
other, whose paths in the sheet coincide with the principal directions 
The two emerging rays are out ot phase b the angi 
Zr Pp 


A 


coeficient characteristic of the parti ilar materia 
experimental] e is the thickness of the sheet being 


pal stresses ind A is the wave 


lifference between the princy 


length of the particular light used 


ging from the model when 


The two rays of light return into phase on emet 


where K is a whole number which may have the values 1,2 n 

At those points where Equation (2) hol ri the polarized light is recon 
stituted in the same plane of the incident ray, which is then extinguished by the 
analyzer 

The geometric position of the points, where, for a given value of K, Equation 


j 


2) is valid, is «a dark line or fringe which may be called isochromati Within 


its limits the difference between the principal stresses is constant 


h A value there is a corresponding fringe, and K defines its order 
of increasing order, 1, 2 n, correspond to differences between the 
possible by various 
methods to pass from the differences to the magnitude of the principal stresses 


yrincipal stresses which are multiples of each other It 
} ! ? 


Operating with white light instead of with monochromatic light, colored 


8 instead of dark lines appear ince whi rht has 1 continuous spectrum 


lengths, all radiation of 


will be extinguished at every point 

The fringes appear, therefore, in the complementary colors of the extin 
guished wave lengths It may happen that one of the principal directions at 
some point in the sheet of material being examined coincides with the plane of 
polarization of the incident ray of light. This latter is then not decomposed 
but is extinguished by the analyzer. The location of the points where one of 
the principal directions is parallel to the plane of polarization of the incident 
ray of light is termed the tsoclinic line or zone Such lines vary in position ac- 

formed by the plane of polarization of the incident light 
ray with a reference plane From the isoclinic, it is possible to derive the stress 


simple geometric construction 


APPLICATIONS OF THE METHOD TO THE EXAMINATION OF HIGH 
DEFORMATIONS OF RUBBER ARTICLES 


When the question is one of examining highly deformable rubber articles, 

it is necessary to utilize models which are highly deformable themselves Any 
fa thin model which represents the section of a solid subjected to 

mechanical stress is a problem in which special conditions are involved because 
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of the high deformability of the solid. If the model is subjected to tension, it 
remains planar, but its thickness decreases from point to point in a way which 
depends on the loading system applied and on the external profile. In this 
case, examination is still possible, but the results obtained are only qualitative 

If the model is subjec ted to « ompression, there is lateral flexure because the 
model is so thin (which is necessary to obtain satisfactory transparency) or else 
its thickness increases. To avoid any increase of thickness, and particularly 
to avoid lateral flexure of compressed models, it was decided to place them 
between parallel] glass plates whose inner walls are located at a distances equ il 
to the thickness of the models and are held rigid by a strong metal frame (see 
Figure 1). 








telaio 


studying thin models 


ole between glass | 


The inner walls of the glass plates should be lubricated with castor oil o1 
glycerol so as to eliminate any tangential tensions, due to friction, in the loaded 
model 

Observations made in this way of rubber models differ considerably fi 
observations of models constructed of materials which are relatively onl 
slightly deformable and which are placed free between the polarizer and 
analyzer Actually in this second case it is possible, as has been mentioned, to 
derive directly, from the order of the fringes, the differences of the principal 
stresses (p q acting in the plane of the model, to which orrespond the strains 
¢, and €, coplanar with p and q, and e¢, perpendicul first two. The 
stress, r, perpendicular both to p and to q, is zer¢ 
as has been said, only by forces acting in the sar 

In the case of highly deformed rubber models, located between Yiiee | lates 
and subjected to compressive forces acting on its plane, a stress ris set up against 


the plates themselves, to which corresponds a strain €, equal to zero 


5, 
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Fig. 2.-~Test-apec 


1eans of theoretical de- 


A further examination is, therefore, necessary by n 
able to interpret the fringes 


ductions and experimental measurements to br 
from the observations of the model; in other words, it is necessary to know what 
value characterizing the state of strain of the model is proportional to, or is at 
le ast a func tion of, the ordet of the frings 8 

A study by Treloar?® dealing with the electrical polarizability of long molecu- 
lar chains and the effect on the propagation of electromagnetic waves, led to the 
conclusion that, in addition to Equation (1), the following equation likewise is 


valid 





ordine delle isocrome 











30 40 


‘ { , 
ated by 
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Equation (4) resolves itself into Equation (1) if account is taken of the fact 
that, in the case of rubber, and again according to Treloar 


p—q = NKT((1 + «,)? (1 + €,)?] 5 


where K is the Boltzmann constant, 7 is the absolute temperature, and N is 
the number of molecular chains per unit volume 

Since Equation (4) has been derived on a theoretical basis, we have chosen to 
verify it experimentally. To this end, prismatic models of transparent rubber 
of different dimensions were prepared, and were then subjected to compression, 
tension, and shearing, without placing them between glass plates, but leaving 
them free to increase in thickness when compressed, to become thinner when 
stretched, and to maintain a constant thickness when sheared. 











deformazione per trazione , 





0 Q20 040 f Qp9 


Frio. 4.—Relation between the factors e¢» and 
solid line represents the exact relation; the broken lin 


In the case of rubber, the stresses are not distributed uniformly in the inter 
ior of the models except for very small deformations far removed from those 
usually met with in ordinary service, but rather only under unusual service 
conditions. To eliminate this drawback, there were imprinted, directly by 
vulcanization, on the central part of one of the external faces of the models to 
be studied, a few small rings, of 3 mm. diameter, and with extremely thin pro 
file (see Figure 2 When these models were placed between crossed-nicol 
prisms, it was possible to measure microscopically the axes of the ellipses formed 
by each deformed ring, and thus to determine at one time the fringe passing 
through the ring itself, which in the cases described largely covered the ring 

The ratio between the major or minor axis of the ellipse and the diameter 
of the ring gives the values of 1 + €, and | + €,, respectively 


i 3 
and help to verify Equation (4). Naturally this diagram has been corrected 
in the case of tension and also in the case of compression because of variations 


The results which were obtained are shown diagrammatically in Figure 3 
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in the thickness of the model and, in its final form, it is based on a thickness of 
1 em. for the model itgelf 

In the case of shear, which is obtained in the absolute sense only under 
special experimental conditions, which in the present work were approximated 
to the greatest degree possible, the thickness of the model does not change, i.e., 
é, 0. If account is taken of the fact that the volume of the rubber remains 


practically unchanged during deformation, the relation between e, and €, 18 In 


(6) 


(7) 


ond member of Equation (7) is, accordingly, practically a linear 


at least when ¢, < 0.50, as can be seen in the diagram (Figure 4) 
s means that, in the case of shear, Equation (4) can be written thus 


(8) 


verified experimentally, and is valid within the 


1 of models placed between glass plates in the 

found that, in these conditions too, ¢, = 0 

poundar of the model, when along which a 

J s tangent); i.e., the various points of the model are in 

a state of rmation similar to that existing in shear The correctness of 

Kquation was established experimentally, and was found to be valid also 

these last conditions In this w it is demonstrated that the birefringence 

rubber depends only on th t I ¢ ormation existing at each point of the 
cular mo¢ under examination 


simple relation represented by Equation (8) makes easy the 


examination of models uch a method leads only to the estimation of the 


strains and m ) ! tres involved 


EXPERIMENTAL PROCEDURI 


d include two polaroid plates of 
n varying from 15 to 20 em. parallel 
and coaxial : el ingemen ( i f y lj l | aAVINg the first 
| 
POLATIZel I 
The illumination ma ! i ig r monochromatic light, e.g.. that from 


ill 4 


a sodium-vapor lamp ria laced between the source of light 


ind the first polarizer 
\ rubber mixture nm mm 1Y CASCKR f ) pre paring the mode ls h is the fol- 
lowing composition rst-| x crepe 100, sulfur 1, tetramethylthiuram mono- 


g com] 
fis diphenylguanid) 0.5, stearic acid 0.5, and zine oxide 1 part 

This is vuleanized 50 minutes at 122 

In testing a model, it is advisabl apply the loads gradually and to follow 

formation of successive fringes and keep count of their order. In some cases 


I 
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fringes of increasing or decreasing order are s¢ merous T . ogethet 
that a microscope is an indispensable means ounting them 

The isoclinics are likewise visible, particularly with models whose thickness 
is 2-3 mm These can be eliminated by inserting between the polarizers, on 
the sides facing the model, two thin quarter-wave plat rope! onented 
The same result is obtained in photography by rotating the polarizers by an 
angle of 90° during the exposure. In fact, while the isoclinics are related to th 
angle formed by the plane of polarization and a direction of origin, the fringes 


depend only on the difference in the optical path between the two rays emerging 


from the model. If the plane of polarization rotates rapidly in the time interval 
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« of a model representing the section of the ring shown 


Figure 6 and compressed 30 per cent 


polarized | mergin rcularly from the first quarter-wave plate), the 
isoclinics will be visible, while the fringes will remain perfectly evident 
some of the concepts which have 


\ practi 
heen discussed 
1 between two parallel plates 


pressea 


will serve t 
in annular ring of square cross-section com- 


us imagine 
see Figure 6 


ee 


jel of the section of the ring shown in Figure 6, compressed 30 per cent, when 
* from the vertical 


the model 
the plane of polarization of light is inclined 20 


Isoclinics ir 
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If the mean diameter of the ring is sufficiently great with respect to the 
diameter of the cross-section, the latter can be regarded as pertaining to a prism 
with base of infinite length. If the distribution of the deformations is to be 
studied, a transparent model of the section having a thickness of a few milli- 
meters is constructed. After having placed this model between glass plates, 
it is compressed in the same way as 4& section the actual ring would be com- 
pressed. 

In Figure 7 fringes are visible when the compression is 30 per cent, and in 
Figure 8 the isoclinics are visible for an angle of 20° between the vertical and the 
direction of polarization of the light which passes through the rubber model 


In Figure 9 the stress trajectories drawn from the isoclinics are shown 





compressione 


APPLICATIONS 


The method makes possible the easy examination of various sections of 
solid rubber objects, and an exact picture is obtained of the state of deformation 
of any section when the deformation perpendicular to the section under con- 


sideration is zero. In all other cases the picture is more or less an approximate 


one 
Th study of the de formation of rubber ob} cts has proved to he of great 


utility because, as a result, the behavior of an article BUb}« ected to fatigue can be 


predicted It has been found that rupture is essentially a surface phe nomenon 


which takes place where a tension stress traj y is tangent to an external 


) 
boundary, and, with otherwise equal conditions, where the deformation is 


greatest’ 
The relative simplicity of appli ation of tt 


considerable value in the study of rubber a 


mechanical action is involved. 
SUMMARY 


After a short introduction to the photoelastic method and its applications 
to the examination of transparent planar stru il me some methods of 
examining plane models representing sections of actu rubber articles are 
indicated, 

In many cases it is advisable to place the model between parallel glass plates 


with their inner faces lubricated and at a distance apart equal to the thickness 
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of the model itself. In other cases free models can be examined. In no case, 
however, is the law governing the birefringence of transparent materials within 
a range of small deformations, e.g., less than 1 per cent, equally applicable to 
greater deformations, e.g., up to 100 per cent Sut in this range recourse can 
then be had to a law, based essentially on theoretical considerations and de- 
scribed by Treloar, which is an extension of the general law and which has been 
verified experimentally 

Some special cases are considered where the law is of general application to 
the quantitative evaluation of the state of deformation at various points in a 
model under examination 
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ACCIDENTAL FACTORS INVOLVED IN THE FATIGUE 
BREAKDOWN OF RUBBER ARTICLES * 


A. ANGIOLETTI 


Keseancn and Devetorment Diviaton, Socts 


GENERAL CONSIDERATIONS 


In an earlier work! certain aspects of the process of the formation of cracks 
in vulcanized rubber articles subjected to repeated stresses were examined 
This phenomenon is closely related to the state of elastic stress on the surfaces 
of the objects; in fact, a crack first forms at the zones on the free surface of the 
article which are strained most during fatigue stressing. Such a crack appears 
in the form of a fissure or cut oriented perpendicular to the direction of the 
tensile force. 

On the other hand, the factors which can initiate fatigue cracking were not 
considered. These factors can in general be divided according to their origin 
into three groups: 


(1) Factors which act in a chemical way on the surface of the article being 


stressed, e.g., oxygen, ozone, and other peroxides in the air The literature on 
this subject is extensive’. 

(2) Factors of a physico-chemical character which are related to the 
structure of the material itself under stress and which depend on the number 
and type of bonds formed by vulcanization, on the length of the molecular 
chain between two links on the type of loading, and on the forces of adhesion 
of the granules to the surrounding rubber’ 

(3) Factors of an accidental character, such, for example, as impurities in 
the rubber or in the compounding ingredients, poor dispersion of the fillers o1 
vulcanizing agents, and, in general, almost any form of discontinuity in the 
vulcanized rubber caused by the presence of substances which have higher 
moduli and which are concentrated in a very restricted zone and thereby give 
rise to local stresses which are greater than those distributed in the surrounding 
medium. In this connection, attention is called to the discussion of Shepard 
Street, and Park‘, based on preceding published work 


All these factors are usually superposed, and the relative part played by 
each of them in determining the formation of cracks is not easily definable 


In the present study the purpose was to examine, first of all, the influence 


of accidental factors from the viewpoint of the stress concentration set up by a 
granule of a hard substance in the surrounding vulcanized rubber under stress 
Obviously this case must be presented schematically 

In addition, an examination was made of the stress concentration inside an 
incision of the type of those which may be caused by ozone or by some of the 
accidental factors. Here too, a schematic presentation is necessary 


As a beginning, a study was made of these two cases because the inv 


* Translated for Russer Curmiarry anpo Tecunoiooy from Pirdli, Kicerca ¢ Seiluppo, N 
12-24, January 1956 


753 





RUBBER CHEMISTRY AND TECHNOLOGY 


Fig L» 


Pies. la and | s of metal disks inserted in strips of transparent vulcanized rubber 


tion could be carried out for the most part by means of the photoelastic method 


already described', and this was relatively simpl 


EXPERIMENTAL METHOD 


ing the photoelastic method, it was necessary, as has already been 
mentioned, to simplify and outline the problem schematically First of all, 
he scale of the linear dimensions was greatly increased so as to have granules 
and incisions whic! nd themselves to direct examination It was assumed, 


} 


however, that this does not lead to appreciable errors, as will be seen by a com- 


parison of corresponding results on a different scal 

The actual sh spe ol the granules and of the incisions varies greatly and is 
very irregular A first simplification might be to substitute the granule by a 
sphere within the vulcanized rubber, but since the photoelastic method is prac- 
tically limited to the solution of planar problems, it was necessary to simplify it 
further by examining in polarized light, and between crossed nicol prisms, small 

matic strips of transparent vulcanized rubber under strain and containing 
small metal disks of the same thickness (see Figure |] As a result of these 
simplifications, results obtained with the photoelastic method are only qualita- 
tive 


In the case necision, it would have been interesting also to study the 


pre blem spatially making an incision schematically on a mor yr less wide 


Fios. 2a and 2b.—-Locations and din yns at the center 


of transparent vulcanized rubber 
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Fig. 3» 


Fios. 3a and 3t Locations and dimensions of incisions on the edge of strips 
of transparent vulcanized rubber 


and deep cut made on one face of a prism of vulcanized rubber. The greatest 
concentration of stress, when the prism is strained, would certainly be in the 
deepest part of the incision and at its outer edges. Instead, the examination 
was limited to the planar case of a cut made in the center of a strip of transpa 
ent rubber or on one of the lateral edges of the strip (see Figures 2 and 3 In 
the second case, in addition to the photoelastic method, a simple approach to be 


discussed later was employed 
EXPERIMENTAL CONDITIONS 


CHARACTERISTICS OF THE VULCANIZATE USED 
FOR THE TESTSPECIMENS 


The transparent mixture used was that normally chosen for examination in 
“2 


polarized light. The shear modulus @ is approximately 3 kg. per sq. cm. In 


v4 





ordine di isocrome spessore 








0 1 2 


Fro. 4 Deformation by simple tension ¢ and by sim; 
the fringe (not taking into account variations in the thickness 
cates the order of fringe/thickness. 
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Figs 6, and 7 Naka of mt liameter not | led t e rubber and located at the middle point of 


the test-strnpe Fringes of teet-stripe stretched 10, 20 ) per cent, respectively 
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liarneter not bonded 


nges of test-strips stretched 
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1 the relations between strain by simple tension ¢€, or compression e€, 
ders of the fringes visible in polarized light for a prismatic test-speci- 

1 are indicated 
The trend of these relations is not linear; however, account must be taken 
fact that the thickness of a test-specimen changes, whether it happens to 
hed or compressed. Nevertheless, the curves make it possible to deter- 
local strains at those points on the t« st-spt cimen where the material 
regarded as under stress, whether this is simple tension or compression, 


irticular on the boundary where no external load is applied 


DIMENSIONS OF THE TEST-SPECIMENS 


The case of granules.—Strips of 200 * 100 2.2 mm. were prepared; in 
them were inserted metal disks of different diameters (2 and 10 mm.) and 2.2 
mm. thick, and having their faces in the same plane as the 200 * 100 mm. faces 
of the rubber, and with their rims simply in contact with the rubber or rigidly 
bonded to it. The locations selected for the disks are those indicated in Figures 
la and lb 

The case of incision.—Strips of rubber of dimensions 200 K 30 K 2.2 mm 
were prepared, and in them were made incisions 5 mm. and 10 mm. long in the 
center part of their 200 X 30 mm. faces (see Figure 2) or laterally, starting 


from the side edge of the test-specimen (see Figure 3 


RESULTS AND EXPERIMENTAL OBSERVATIONS 
WITH THE DISK TEST-SPECIMENS 


DISKS NOT BONDED TO THE RUBBER 


Each test-strip was stretched 10, 20, and 40 per cent, elongations which 
were all measured between two marks at a distance of 50 mm. from the center 
of the disk and on both sides 

Figures 5, 6, and 7 show the fringes which form around the disks of 10 mm. 

eter for the three elongations mentioned. Figures &, 9, and 10 show the 

res which form around the disks of 2 mm. diameter, enlarged so as to be 
comparable with the preceding results 

positions of the disks are such that the disturbance created by their 

not extend to the outer edge of the test-strip. At its points of 

metal disks, the rubber is strained by complex for which are 

define, since the disks introdt liscontinuity, with corresponding 

ds which are practi illy indeterminabl 

be satisfied with the orders of the fringes, even if, under 

‘ 


ication of the local strain 


in the applied system of loa 


give only a qualitative ine 
ild be demonstrated that, based on the curves in Figure 4 
of the test-strip, at elongations of 10, 20, and 40 per cent, the 


ips which 


would be of the orders of 1, 2, and 3.8, respectively. Test-st1 


do not contain disks would be expected to be covered uniformly by fringes of 
these orders 

However, the maximum value of the fringe order in the neighborhood of the 
disks is a tually 3, 5 and ll, respectively or the three elongations, both for 
disks of 10 mm. diameter and for those of 2 mm. diameter: These values give 
an indication of the local stress concentration 


The distribution of the fringes around disks of 10 mm. diameter is practically 
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identical to that around disks of 2 mm. diameter, provided, naturally, that the 
elongations are the same in the two cases. The maximum orders reached locally 
in the most highly deformed zone are practically equal in the two cases 

It would have been interesting to examine test-strips containing still smaller 
metal disks, but experimental difficulties would have been encountered and the 
observations would have been laborious because, even for the cases described 
the use of a microscope would have been necessary for observing the phenomena 

According to what was observed, the local state of deformation around a 
disk not bonded to the rubber does not depend on the dimensions of the disk 
itself. Moreover, even if extrapolation of this observation to 


very small diam- 
eters, i.e., to dimensions of the same order as those 


of the granules which may 
be found under practical conditions, might appear to be a bold step, it is at 
least easy to see that the presence of granules in vulcanized rubber is definitely 
a potential danger. 

Figures 11, 12, and 13 show the fringes which are formed when the 


disk is 
10 mm. in diameter and is at a distance of 1 mm. from the outer edge of the 
test-strip (see Figure lb). A limited zone of this outer border is covered by 
a fringe of the quarter, tenth, and eighteenth orders, according to whether the 
test-strip is stretched 10, 20, or 40 per cent These ord 

higher than those observed in the preceding cas 


ers are considerably 


Assuming that at the boundary of this zone, the material is 
viewpoint, under simple tension, the local deformations can be readily deter- 
mined, In the first two cases these are about 40 and 135 per cent; in the third 
case they are greater than 200 per cent, and they are certainly 
the characteristic curve of the same material e Figure 4 


from a practical 


largely beyond 

Presumably 
for elongations of the test-strips of 100 and 150 per cent and for greatly reduced 
distances of the granule from the edge, local deformations are reached which are 
dangerous even for static conditions. It has been found that the results of the 
observations are not altered even when the disks are of only 2 mm. diameter 
provided that the distance between the edge of the test strip and the pe rip 
of the disk is reduced proportionally. 


he ry 


In tensile fatigue tests carried out on a De Mattia machine, with rectilinear 
test-specimens, and with the deformation cycle passing th: 


| ough zero deforma 


; 
tion, phenomena were observed which may confirm what has been said above 
After a certain number of cycles, there were observed on the surface of the rn 


i 


ber, by means of a microscope, lesions which, in some cases, re‘ 


vealed 
interior a definite crystal or a granule, or at least indications of their presence 
It was proved that these lesions, in which there is an increased stress concentra 


tion, tend to enlarge rapidly until complete tearing of the test-specimen 
place as a result of fatigue. 


takes 


The tests, which were rapid ones, i.e., from one to ten hours, were madi 


room temperature under such conditions as to red O #& minimum any 


fluence of heat, light, and ozone present in normal proportions in the ai: 
lesions caused by ozone, though visible microscopically and though sprea 
the entire surface of the test-specimen, were practically negligible 

On the other hand, some observations, which were made only with con 


siderable difficulty, of the interior of test-specimens subjected to dynamic 


I 


stresses for a prolonged time, brought to light, in the neighborhood of crystals 
or granules, lesions whose dimensions were considerably smaller than those ob 
served on the surface. It can, therefore, be concluded with some justification 


that the presence of granules of extraneous material located almost at the sur- 
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; ey, 
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Fios. 11,12, and 14 Disks of 10 mm. diameter not bonded to the rubber and located near the lateral edges 
of the test-stripe Fringes of test-strips stretched 10, 20, and 40 per cent, respectively. 
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10 mm.d eter bonded to the 


I ges of teat-strips stretched 10, 2 
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it and located at the enter point of the 


Fries. 17, 18, and 19 Disks of 2 mm. diameter bor the rubber 
10, 20, and 40 per cent, respectively 


test-strip. Fringes of Vest-stripse stretched 
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Fies. 20, 21, and 22 Disks of 10 ms liameter bonde ‘ cated near the lateral edges of 
the test-ctrips. Fringes of test-strips stretched 10, 20, and 40 per cent 
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face of rubber articles which are stressed dynamically cause local deformations 
which are of more serious consequence than those caused by granules located 
further in the interior 

DISKS BONDED TO THE RUBBER 


show results when the disks are bonded to the rubber around 


Figures 14 to 2 


) 
the if pe riphe ry T he maximum lo« al daelormations in the neighborhood of the 


re smaller than in the preceding case, as can be deduced from the orders 

of the fringes shown in the figures. The test-strips are, in addition, somewhat 
stiffer in the longitudinal direction. The maximum local order of a fringe re- 
ctically unaltered with decrease of the diameter of the disks. This 

seem to be true for diameters less than 2 mm., as was proved by actual 


these conditions 


mm. at the center point of a test-etriy 
© test-etrip stretched 20 per cent 


The presence of disks almost at the boundary (see Figures 20, 21, and 22) 
does not bring about any great local concentration of stress, as in the preceding 
cast Nevertheless, it seems probable that disks bounded to rubber represent 
a different case from that of a foreign material imbedded in rubber, which is 
generally regarded as not bonded to it 

The differences which were observed between disks bonded and disks not 
bonded to vulcanized rubber indicate, in addition, the likelihood that coarse 
fillers adhere by their surfaces to vulcanized rubber in a most tenacious way 
No such assertion can be made with certainty about fine (active) fillers, and the 
present observations are not wholly true of this case 


OBSERVATIONS AND RESULTS CONCERNING STRESS 
CONCENTRATION AT AN INCISION 
It has already been mentioned that among the primary causes of cracking 
of a test-specimen subjected to repeated stresses which are to be taken into 
consideration are the action of ozone and the presence of granules or impurities 


present in the vulcanized rubber, particularly in its surface 
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Fie. 24 Incision of 10 mm. at the center poir fa test-atriyy Fringes 
of the test-strip stretched 2 ‘ ent 


It next seemed desirable to examine the order of magnitude of the concentra 
tion of stress which is generated around incisions, already started, as a function 
of the dimensions of the incisions The results obtained are of such a character 
as not to warrant any generalities, for they depend greatly on the dimensions of 
the te st-specimen 

With the photoelastic method, the results would be expected to be quantita 


tively exact, since the deepest part of the incisions are subjected only to simple 
tension Nevertheless, the deformations increase in the interior of an incision 
with a very rapid gradient, and it is difficult to estimate the orders of the 
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fringes, even with the aid of a microscope. In view of the way in which an 
incision is made, the edges represent a geometrically ill-defined zone of deforma- 
tions. 


INCISIONS AT THE CENTER OF A TEST-STRIP 
(FIGURE 2) 


In this case too, the mean deformations of each test-strip were 10, 20, and 
40 per cent elongation, measured between marks 50 mm. distant from the axis 
of incision. Figures 23 and 24 show the zones of the incisions in two test- 


Fic. 26.—Rupture of a test-epecimen by fatigue 


strips stretched 20 per cent. The incisions were 5 and 10 mm. long, respect- 
ively. The curves in Figure 25 show the local strain for simple tension e, of 
the material at the point of greatest stress (indicated by arrows in Figures 23 
and 24) as a function of the mean deformation of the test-strip. The trends 
must still be regarded as indicative in view of what has already been said above. 

The maximum local strains reached are much higher than the elongation to 
which the test-strip itself was subjected. In any case the maximum local 
strains are such that one can exclude the possibility that the growth of an 
incision of these dimensions resulting from fatigue stressing depends on the fact 
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that, at any cycle, the elongation at break of the material is reached. To explain 
the progress of these incisions with time, which happens even when test-speci- 
mens are fatigue-stressed in an inert gas, account must be taken of another 
phenomenon, which probably involves progressive local breaking of a certain 
number of bonds in the material at every stress cycle. When the growth of an 
incision reaches a stage where the local conditions are those of tensile rupture, 
then tear is instantaneous. 

Figure 26 shows the surface of rupture of a test-specimen® fatigued by 
tension in an atmosphere of nitrogen. A zone is visible where the tears have 
grown slowly with time (the opaque zone), as well as another zone (the clear 
zone) where rupture was instantaneous. This behavior resembles the behavior 
of a similar metal test-specimen. 
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Fie. 27.—Local strain by tension for incisions of 5 and 10 mm., respectively, located at the center points 
of test-strips as a function of the mean elongation of the strips 





INCISIONS PERPENDICULAR TO THE OUTER EDGE 
OF A TEST-STRIP (FIGURE 3) 


Finally let us consider test-strips of the usual dimensions subjected to ten- 
sion and having incisions 5 and 10 mm. deep, respectively, perpendicular to their 
outer edges. 

The maximum local strain cannot, in this case, be determined from the order 
of the fringes, because there is such an excessive number of these localized in a 
very restricted zone. However, it is possible to measure, with a certain degree 
of approximation, the local strain in the direction of stretching in the zone 
deepest in the incision by determining, at that point, the contraction of thick- 
ness of the test-strip by means of a microscope with ocular reticule. 

This measurement can be regarded as correct, since the material in the 
interior of the incision where no external load is applied, is subjected to simple 
tension and since vulcanized rubber changes only to an insignificant degree in 
volume when it is deformed. 
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at the edge of a test-strip Fringes of 


tretched 20 per cent 


The values of the local deformation as a function of the mean elongation in 
the test-strip are indicated by the curves in Figure 27 
In this case the values of the local deformation €, are mue h yreater than 
those indicated in Figure 25. The course of the curves makes obvious the non- 
linearity of the dynamometric diagram of the rubber mixture used for the 


| 
models 


Figures 28 and 29 show fringes of test-strips stretched 20 per cent and having 
incisions 5 and 1O mm deep 


The deeper the incision, the greater 18 the stress concentration and, con- 
sequently, the more rapid is the growth of the lesion. Fatigue tests carried out 


under these conditions confirm this observation 


Incision of 10 mm. at the edge of a teat-etrip. Fringes of 
a test-atrip stretched 20 per cent 
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CONCLUSIONS 


In this report, it is the intention to examine only a few of the aspects of the 
mechanism of fatigue of rubber objects subjected to dynamic stress. The phe 
nomena which govern such fatigue are complex, and in some cases depend on 
factors which have a mutual influence, so that any analysis of them separately 
is difficult 

It is attempted to show the important part played by granules of foreign 
substances in vulcanized rubber and by any other impurities, even of the 
smallest dimensions, which may be instrumental (in conjunction with oxygen 
and atmospheric ozone) in forming lesions on the surfaces of rubber articles sub 


jected to dynamic stressing, provided that there is no adhesion between these 


foreign substances and the surrounding rubber. On the other hand, whenever 
there is strong adhesion, the stress concentration is noticeably less and the 
possibility of local cracking is lessened 

In addition, the stress concentration which is set up where a lesion has al 
ready formed has been examined. Such lesions grow rapidly to the extent that 
complete rupture of the rubber article finally takes place 

Study of the laws and of the causes which start and govern the growth of 
incisions or of ruptures of any kind would require a more thorough examination 
of the intimate structures of different types of vulcanizates. It is intended to 
take up this problem eventually and to make it the subject of a future report 


SUMMARY 


Poor dispe rsion of compounding ingredic nts, and the presence ol yranul 8 
and of impurities which in some way get into vulcanized rubber and thereby 
disturb the normal distribution of stresses in an article and thus cause local 
stress concentration, are regarded as accidental factors in the fatigue breakdown 
of vulcanized rubber 

This problem was studied by developing, by means of the photoelastic 
method, an adaptable schematic representation of the phenomena. Although 
only a qualitative evaluation of the local disturbance of the system of stresses 
caused by these factors is possible , in the particular case of granules, it has been 
found that the closer a granule is to the outside surface of the rubber artick 
the greater is the disturbance of the system of forces. Furthermore, the local 
stress concentration is greatest when there is no adhesion between the granules 
and the surrounding vulcanized rubber 

Finally the stress concentration caused by a small cut or incision made at 
various locations on a rubber test-strip under tension is considered. This case 
has been included because fatigue cracks first become manifest in this form 
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MECHANICAL ACTIVATION OF THE OXIDATION OF 
VULCANIZATES BY STATIC AND DYNAMIC 
DEFORMATION * 
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The deformation conditions to which rubber parts are subjected have a 
considerable effect, and in many cases the decisive effect, on their service life. 
One of us made a qualitative study which established the direct influence which 
the mechanical stresses created in a vulcanizate by dynamic deformation have 
on the rate of oxidative reactions'. In the present work, a comparison was 
made between the effects of static and of dynamic deformation on the oxidation 
and breakdown of vulcanizates with differing structures’. 

Dogadkin and Tarasova’ established that vulcanizates with tetramethyl- 
thiuram disulfide form mainly monosulfide bonds. In vulcanizates containing 
diphenylguanidine, the presence of a large number of polysulfide bonds was 
noted. Ina thermal vulcanizate, a spatial network with —C—C— bonds was 
formed. All of the above vulcanizates were found to have approximately the 
same network densities, as determined from their equilibrium moduli‘. 

In order to remove the free ingredients remaining after vulcanization (free 
ulfur, accelerators, and phenyl-2-naphthylamine), all the vulcanizates before 
testing were extracted with acetone for 50 hours, in a stream of nitrogen, and 
were then dried in a vacuum. In experiments involving an antioxidant, the 
latter was introduced into the purified vulcanizate in a benzene solution. The 
thickness of the vulcanizate samples studied ranged from 0.2 to0.25 mm. The 
work on dynamic deformation was carried out in a specially constructed ap- 
paratus, with a compensating mechanism for regulating the permanent set 
created under fatigue It should be noted that in all the vulcanizates this ac- 

ition of permanent set through fatigue was observed even in the first few 
of the testing. The total amount of accumulated permanent set in a vul- 
canizate, from the time the testing began until the break, did not exceed 20-25 
ver cent of the original length of the sample. For the determination of the 


! 
fatigue lives of vuleanizates, parallel tests were made on twenty-five samples’. 
A detailed investigation was made of the influence that the type of cross-links 
in the vuleanizates has on the fatigue lives of the latter. 

In Table 1 a comparison 18 made of the lives of vulcanizates with different 
kinds of cross-links. The temperature of the test was 25° C, and the atmos- 


re nitrogen. The deformation conditions were a frequency of 250 cycles/ 
min. and a strain amplitude of 75 per cent. 

It is known that carbon bonds form a stronger network in vulcanizates 
than do sulfur (mono- and especially polysulfide) bonds. The data presented 
in Table 1 show that the lives of vulcanizates depend to a large extent upon the 
character of their cross-links 

for Runsen Onemisray ano Tecun GY by Malcolm yn from the Doklady Aka 
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The life of the polysulfide vulcanizate was approximately fifteen times that 
of the thermal vulcanizate. It is characteristic that the change in structure in 
both types of vulcanizates with fatigue is revealed by an increase of the equilib: 
ium modulus, in the range of 20-25 per cent 

Figure 1 compares the linear curves for the consumption of phenyl-2-naph 


thylamine in an unstrained vulcanizate with those for vulcanizates subjected to 


static and dynamic deformations. 


TABLE | 


Equilibrium mod 
kg. per sq. em 


Before 
fatigue 


Carbon ( ( ] } 5.1 41,150 
Monosulfide ‘ 7 {0,800 
Polysulfide § 62,820 


Table 2 shows the effect of mechanical strains on the rate of consumption of 
phenyl-2-naphthylamine in the process of oxidation of vuleanizates with differ 
ent structures. The temperature was 70° C, the atmosphere oxygen. The 
deformation conditions: static, 75 per cent deformation; dynamic, frequency 
of vibration 250 cycles/min., amplitude 75 per cent 

It is seen, from the data presented, that the mechanical stresses brought 
about by the deformation (static and dynamic) of vulcanizates have a consider 
able mechanical activating effect on the oxidation reaction. The gradient of 
mechanical stress remains at a higher level in vulcanizates under dynamic than 
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Fis. 1 Kinet of the consumption of phenyl-2-napht! 
tetramethyithiuram disulfide (A) and of a« ir vuleanizats 
an unstrained econdition 2 Aging under static strain (75 


namic deformatior The abseciseas represent the time of ag 


naphthylamine content tos expressed as percentage of the initia 
of rupture of the ileanizate 


in those under static deformation’. The rate of oxidation of vuleaniza 
turn, depends directly on the amount of the stress. The mechanical act 
effect, under given deformation conditions, depends to a large extent 
nature of the bonds which form the vulcanization network When in 
unstrained condition, a vulcanizate with monosulfide (stable) bonds oxid 
a slower rate than does a polysulfide vulcanizat« However, in straines 
canizates the situation is different. Subjecting a monosulfide vulcaniz: 
static and dynamic deformations causes its rate of oxidation to increas 
and 4.5 times, respectively, that of the unstrained vulcanizate; where 
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TABLE 2 


Under stati 


te : uned strain 


Polysulfide d 6.7 9.7 
Monosul fide f 4.4 11.3 


; 
e ¥i 


polysulfid ileanizate the rate increases only to 1.6 and 2.6 times as much. 
The mobility of the polysulfide bonds in dynamic deformation facilitates a re- 
distribution and an equalization of the stresses in the vulcanizate, which natur- 
ally depresses the mechanical activation effect and increases the fatigue life 

In another series of experiments, the effect of static deformation on the 
change in the mechanical properties of vulcanized stocks during oxidation was 
studied. Figure 2 shows the curves for the change of the equilibrium moduli 
in the course of the oxidation of unstrained and strained vulcanizates. Strained 
vulcanizates break much more quickly under oxidation than those oxidized in a 
free unstrained condition 

Since mechanical strains accelerate the breaking of vulcanizates to the same 
degree, whether they are heated in oxygen or in nitrogen, there is no basis for 
attributing this effect solely to the mechanical activation of the oxidation 
process Apparently the deformation of a vulcanizate creates the necessary 
conditions for the formation on its surface of microcracks, which may deepen 
easily and thereby greatly reduce the strength of the material 

The ease with which polysulfide bonds de compose in the thermal oxidation 
of unstrained vulcanizates is a further cause of the formation of free radicals, 
and promotes : vuleanizates. Hence vulcanizates containing mainly 
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Fie. 2 Kinetics of the change of the equilibrium mod s of vuleanizates heated in nitrogen (A) and 


in oxygen (14), at a temperature of 130° ( l and 2 Vuleanizates containing mostly polysulfide bonds 
l U netrained 2 : 
U netrained 1 Strained The abscissas represent the period of heating in hours; the ordinates the 
equilibriu nl s KE. expressed as percentage of the original modulus The arrows indicate the moment 
of ruptu 


Strained 3 and 4 Vuleanizates containing mostly monosulfide bonds 
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polysulfide bonds, while they exhibit greater dynamic fatigue lives, are less 
stable toward oxidation in the unstrained condition. 

As we have noted earlier’, the presence of polysulfide bonds causes a con 
siderable change in the structure of the vulcanizates even when they are heated 
in an atmosphere of nitrogen in a free unstrained condition. The structural 
changes which take place in vulcanizates heated in nitrogen occur entirely 
through the rupture and rearrangement of the sulfur bonds. The presence of 
mechanical strains in the vulcanizates has no effect, in this case, on the nature 
or the rate of such structural changes. When the vulcanizates are heated in 
oxygen, where both destruction and structure formation occur by means of 
oxygen combination, the application of a mechanical stress changes the ratio 
between the rates of the simultaneously occurring structure-forming and de 
structive reactions. As Figure 2B reveals, the modulus of a stressed vulcaniz 
ate increases at a slower rate than that of a free unstressed one, but its break 
occurs much earlier. This comes about through an increase of the rate of the 
destructive reactions. 

The free radicals formed in the scission of the molecular chains of a vuleani 
zate can react in two directions. A reaction with oxygen and phenyl-2-naph 
thylamine amounts to an act of destruction (chain scission). A reaction with a 
double bond results in structure formation. In a stressed vulcanizate the 
chances are increased for a collision between a diffusing split-off end of a chain 
molecule (a free radical) and the low molecular-weight reaction products (from 
oxygen and phenyl-2-naphthylamine), the concentration of which is consider 
ably lower than the double-bond concentration in the vulcanizate The 
diffusion of split-off ends of polymer chains in a stressed vulcanizate may br 
likened to the agitation of reacting substances, or to a reaction taking place in a 
liquid stream. In vulcanizates containing polysulfide bonds, a destructive 
trend is noted during deformation. This trend is especially rapid when the 
vulcanizates are heated to 100° C and higher After 10 hours at 130° C, the 
permanent set resulting from the destructive process reached 70 per cent. It 
was found that this process proceeds slowly even at 20° C; after one day the 
permanent set amounted to 15-20 per cent. This process naturally depends 
on the rupture and rearrangement of polysulfide bonds in the vuleanizates 

The experimental data presented here demonstrate that the mechanical 
activation of oxidation in vulcanizates is not only governed by the polymer 
structure, but also depends to a large degree on the nature of the cross-links 
which go to make up the vulcanization network 
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ABRASION AND FRICTION OF 
RUBBERLIKE MATERIALS * 
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INTRODUCTION 


Realization of the relation between abrasion and friction of rubberlike ma- 
terials probably goes back to the early days of the development of synthetic 
rubbers of the oil-resistant type, such as Perbunan. Early investigators of 

i 


compounds of these rubbers noticed extremely low abrasion losses (of the order 


of 1/20th to 1/40th of a natural-rubber tread compound when tested on con- 
ventional laboratory abrasion machines Road tests of experimental tires 
however, did not confirm these low figures, and abrasion by high-speed grinding 
stones (25 meters per second or 56 miles per hour) was just as fast with these 
synthetic rubber tires as with the conventional rubber tread compound 


In the original Perbunan compound, considerable amounts of softener (30 


parts of tricresyl phosphate) were used, and it was soon recognized that this 
caused some sort of lubrication of the rubber-abrader interface which resulted 
in a low coefficient of friction and prevented abrasion. Tires of this material 
were said to be extremely dangerous because of their tendency to slip, particu- 
larly on wet surfaces 

Abrasion at high speeds was probably ray id because of the large surface 
passing the rubber per second, which surface may have been too large to be 
wet by the amount of lubricant present, and the frictional heat may have 
caused the lubricant to evaporate It is difficult to visualize which part of the 
rubber absorbs the abrasional forces and energy ; in other words, what the thick- 
ness is of the layer that is directly affected by the rubbing process. These 
examples may serve to illustrate thi probl m with which we are concerned 

Many considerations have been given to measurements of abrasion resist- 
ance in the laboratory and, sometime in the history of this development, a con- 

iction was established that it is impossible to rate materials according to their 
resistance to abrasion in general. The reason lies in the tremendous variation 
of conditions under which wear may occur even in one and the same application 
f e material 

We shall not go into the merits of various methods of rating any particular 

type of abrasion, but rather approach the problem from a different angle. 


SCOPE OF THE PROBLEM 


Abrasion of a soft material in contact with a hard one depends on forces 
interacting at the surface of the two materials. These forces, in turn, depend 
on the forces pressing the two surfaces together, on the speed of one surface 
relative to the other and, of course, on the nature of the surface of the materials 


’ 


pared by the authors, of the paper in Kautschuk und Gummi, Vol. 8, Specia! 
955, pages 45-48 This was presented at the International Conference on 


rlands, May 12-13, 1955 
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Considering only variations in the elastomeric member of the two rubbing 
partners, and maintaining the harder compound and the conditions of pressure 
and speed unchanged, the following is to be considered. 

Forces acting on the rubber surface which tend to pull the surface layer away 
from the bulk of the material are transmitted to this material, which they de 
form, and thereby set up counteracting cohesive forces. 

Abrasion is, therefore, dependent on two factors: (1) the development of a 
frictional force at the surface; (2) the counteraction of the rubbing force by the 
cohesive force in the rubber adjacent to the surface layer, if this force is strong 
enough to match the frictional force. 

Abrasion resistance is high when factor (1) is low and factor (2) is high 
But low (1) is undesirable from the viewpoint of the tire manufacturer or the 
car driver, since it means low coefficient of friction, with resulting lack of grip 
on the road and, consequently, increased likelihood of slipping. Therefore 
improved abrasion must come from an increase of item (2); i.e., an increase of 
the cohesive forces inside the rubber. 

The question may be raised whether or not it is possible to improve abrasion 
by an increase of the cohesive forces (2) without reducing at the same time the 
frictional forces and, if so, to what degree f it is possible, we may be fairly 
certain that this cannot continue indefinitely; sooner or later interference with 
the forces active on the surface must follow, with a resulting decrease of the co 
efficient of friction. When all intermolecular forces are saturated by mutual 
interaction of the polymer molecules no forces or only small outwardly directed 
forces will appear (low adhesion and friction) 

This problem is of great interest to manufacturers of reinforcing pigments in 
connection with materials like polyurethans or polyisocyanate polyester rub- 
bers. These are extremely tough, with abrasion resistance higher than that of 
conventional treads of rubber and reinforcing carbon black. The problem we 
are going to consider is how, under certain experimental conditions, abrasion 
and coefficients of friction influence each other 


RELATION BETWEEN ABRASION AND COEFPFICIEN'I 
OF FRICTION 


It is not possible to indicate with certainty what molecular factors affect 
the coefficient of friction of polymeric materials on a hard surface, but cohesion 


energy density must be one of the factors involved, and another is regularity of 
structure, which may be equally important. Loose mobile chain ends probably 
cause high friction and the same is true of polar groups interacting with similar 
groups on the wearing surface 

The relation between friction force and load of elastomers is not a straight 
porportionality; it has been studied by Thirion' who developed the formula 


= a+ b6L, which was checked by Denny? over a 10,000-fold load range 


Schallamach’, Lincoln‘, and Bowden* showed proportionality between friction 
force and true area of contact, both varied as L~! for an elastic hemisphere 
A 
Ratner and Sokolskaya*® published the formula: yu i. + LD’ in which pw, is 
the friction for infinitely high load. yu, depends only on the surface of the ma 
terial on which the rubber runs, L is the load, and A is aconstant. They found 
that fillers generally decrease the constant A as long as they are completely 
surrounded by rubber 
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Apparently all these conditions are different from ours, where abrasion 
occurs. Though our range of loads is very small, it shows a deviation from 
Thirion’s law, and increasing proportions of carbon black increase the coefficient 
of friction, contrary to the observations of Ratner and Sokolskaya 

sjowers, Clinton, and Zisman’ found a relationship between the shearing 
strength of the bulk material for a number of plastics, particularly derivatives of 
polyethylene They found the frictional force: F s-a, where s shear 
strength of the plastic, a true area of contact; futhermore, pu s/p (p 


yield pressure The correlation, however, is only a rough one (within a factor 


EXPERIMENTAL CONDITIONS 


The experimental conditions were as follows. Motor-driven disk-shaped 
test-pieces run on a grinding wheel, which is braked by electromagnetic clutches 
The braking t rque is measured, and the speed differential is determined con- 

The pressure of the sample on the grinding wheel is adjustable 
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W iti e aid of this machine, we are able to determine abrasion losses under 
various conditions of pressure and differential speed which conditions cause 
differences in the coefhcient of trietion These differences take variable courses 

One way of eliminating their effect in a first approxi- 

brasion in terms of efficiency of abrasion; in other words, 

per unit energy spent on the surface This energy and also 

friction can be easily determined This eliminates part of the 

hich may occur on the ston When the test wheel is slip- 

lubricated stone, onl mall torque is registered and, as a 

rgy 18 spent on abrasion This does not eliminate the 

ct completel is is shown b t Ili abrasion machine, which also 


works on the s aitit basis but still h Ww OV \ ilues lor Pr rbunan rubbers 


DEPENDENCE OF THE COEFFICIENT OF FRICTION 
ON THE LOAD AND SLIPPAGE 


First of all, it is of interest to see how the coefficient of friction changes with 
the load and slip of a tire-tread compound. This isshownin Figurel. Figure 
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ENERGY ENERGY LOST 
PER 5000 REVS DURING ABRASION VS % SLIP 
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Fia. 2 
1 shows that the percentage slip offers 
friction. 
The energy as a function of percentage slip 
as indicated in Figure 2 
Figure 3 shows the effect of carbon black loading on friction 
It has been shown in a number of short runs that no significant chang 
coefficient of friction occur when the number of revolutions of the sampl 
increased from 450 rpm to 610 rpm All measurements have been carried out 
at 610 rpm. 
It is interesting to follow the change of abrasiv 


energy lost on friction) as a function of the coef 


compounds containing various proportions of « 
Figure 4 
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For GR-S containing only 5 parts of HAF black (fine-particle reinforcing 
oil furnace black), at a coefficient of friction nearing 0.60, the abrasion efficiency 
goes up steeply. When the loading with reinforcing black is increased to about 
15, a much higher coefficient of friction may be attained without immediately 
rubbing off the material completely. With 30 and 50 parts load, the abrasion 
efficiency is much lower, and a higher friction (of over 1.00) coefficient may be 
reached 

It is remarkable to see how all the curves come together at the low friction 
values. 

In Figure 4 a number of results with Vulcollan have also been entered 
These apprently show a possible lower efficiency of abrasion than the GR-S 
compound containing 50 parts of HAF black at low coefficient of friction, but 
the differences are not convincing. 


CONTROLLED SLIP ABRASION MACHINE 
PERCENT SLIP AS A FUNCTION OF TORQUE 
FOR VULCOLLAN AND A 
HAF-COLO GR-S VULCANIZATE 


+ 


VULCOLLAN 








10 15 20 
TORQUE UNITS (1.27 kg cm) 


Fia. 6 


A better differentiation is shown in Figure 5, where the abrasion effi 
is plotted against energy spent on abrasion Since the test takes the same t 
in all cases, this energy also indicates the power or intensity of abrasion 
obvious that, for the same power absorptir n, the abrasion of the Vul 
sample is less than that of any of the other compounds. These other cor 
are the GR-S vule inizates containing 5, 15, 30, and 1) parts of HAI bla 
they show the same increase of abrasion resistance with higher black 
when compared at one power level 

The difference between the rubber-carbon black compounds and Vul 
is hidden in the way the abrasion energy 18 generates or the Vuleollan 1 
ber, a much higher percentage sli 


‘CPRBAT 0 obta anny r ur’ 
IS NCCCSSA tan } ime energ 


} 
tion than for the rubber-earbon black compound ‘ is is Shown in Fig 


where the percentage slip is plotted against the torque generated at tw 
4 and 6 kilograms To obtain the same torque much higher percentag 
is necessary for Vulcollan than for the conver nal cold GR-S compound 
taining 50 parts of carbon black In other words, with the san 
torque is obtained with Vulcollan than with the b] 
The disadvantages of this for Vulcollan are ob l 
We have tried to determine the effect of carbon black on the cor 
friction of elastomer compounds of the Vulcollan type. The results of these 
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TABLE 1 


Abrasion losa 
Rhore 
Mix hardness 


I Pure-gum Vulcollan 7! 0.20 

Il Polyester wor anate 60 ay 0 67 
», black 

Ill Product with 25% bi 7 7 0.02* 0.01" 
GR mS tre ud stock ‘ F 0 25 0 } 


measurements are listed in Table 1. In evaluating the data, it should be con- 
sidered that the three compounds were made by entirely different manufactur- 
ers, 80 there may be large differences in the base polymers. This obscures the 
et of the different percentages of carbon black in these compounds. In com- 

II, for instance, the coefficient of friction has increased over that of the 


im vulcanizate, but the abrasion loss is also considerably highe 


SUMMARY 
The relationship between abrasion resistance and the coefficient of friction 


was observed in the early days of deve lopme nt of the modern synthetic rubbers 


i 
] 
It has gained new interest in connection with the appearance on the market of 


yester-isocyanate rubbers of the Vulcollan type 

The abrasion of a rubber object in contact with a solid depends on the forces 

y at the surface of the two materials These forces are again de- 

mn the forces pressing the two surfaces together, on the relative surface 

the one object with respect to the other, and on the nature of the 

ices of the materials. Forces acting on the rubber surface and tending to 

ll the surface layer away from tl bulk of e material deform the bulk rubber 

and excite counteracting cohes 
Abrasion of the rubber depends on the following two factors 

1) Development of frictional forces at the surface 

2) Counteraction of the force caused by the rubbing by cohesive force in the 

polymer adjacent to the surface layer 


The question may aised if it is possible to improve abrasion resistance by 
reasing th for 1) without affecting the frictional forces and 


2) if 80, to what 

With the help of the modified Cabot-Lambourn abrader, a number of experi- 
ments have been carried out that give some answers to the correlation of abra- 
sion and friction Abrasion is m¢ din terms of abrasion efficiency, 1.e., 


weight los it of energ’ 0 lations established between 


ih . 


normal 
pe reentage 

and 
Abrasion effi i coefhcient of friction, and rbon black loading. 
Abrasion efficienc and energy spent 


Percentage of slip and torque obtaines 
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PRINCIPAL CONSIDERATIONS ON TIRE WEAR * 


A. SCHALLAMACH 


Barrish Rupper Propvucers’ Researcu AssociaTIon, 
Wetwryn Garven Crry, Hertrorpsniae, EnGian 


INFLUENCE OF TIRE ELASTICITY 


The prerequisite for tire wear is relative motion between the tir 
road in their common area of contact. Such relative motion occurs, for « 
ample, when a tire is flattened on entering the area of contact! and can also 
take place when the tire exerts a force on the ground, i.e., during propulsion 
braking and, particularly, cornering. The mechanism of abrasion when the 
wheel is not rolling freely becomes complicated by the fact that, because of the 
elasticity of the tire, its circumferential velocity with respect to the vehicle can 
differ from the travelling velocity, and that, furthermore, the tire can have a 
velocity component normal to its plane without skidding. In other words, slip 
without noticeable abrasion is possible. 

The only case discussed here will be when the wheel describes a curved path 
The elasticity problem involved has been treated, among others, by Fromm 
von Schlippe’, and Temple‘; the essential facts are best visualized by means of 
the model experiment reproduced in Figure 1. In this experiment, a solid rub 
ber wheel rolled around a Perspex disk, and the area of contact was illuminated 
by internal reflection. The deformation of the equator (marked in black 
shows that two regions can be distinguished in the area of contact. In the 
front part, the equator is distorted into a curve parallel to the path, i.e., into a 
circle, and one can easily see that no relative motion between wheel and track 
occurs here, but that the wheel adheres to the track. The tangential stress ne« 
essary to deflect the wheel is maintained by friction until the stress becomes so 
high that the limiting friction is reached. At this point the second or rear part of 
the area of contact develops, in which the wheel slides back sideways. Abra 
sion should, therefore, be « xpect d only in the rear part of the area of contact 
It will decrease with increasing elasticity of the tire, but nothing will be gained 
thereby, since the tire has, after all, to take up the forces arising during driving 
In the present case, this involves the side force holding the vehicle on the curve, 
and what matters is the dependence of abrasion on this side force 

Making simplifying assumptions, this problem can be treated theoretically 
for constant slip atasmall slip angle. The result given below has been obtained 
with the aid of a method which is a modification of the method first applied by 
Turner® to abrasion on the Akron machine, It is assumed that (1) the defle« 
tion of the tire is everywhere proportional to the tangential stress; (2) abrasion 
is proportional to the dissipated frictional work®, and (3) the area of contact is 
rectangular. The result depends then in detail on the pressure distribution 
which, however, does not appear to influence the connection betwen wear and 
modulus. The following equation is valid for a press 


| ire distribution elliptical 


° An English version In eneentially the form prepared | the a fa paper in Aaulechuk und Gummi 
Vol. 8, Special issue on tires, September 1955, pages 27-3 
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in the circumferential direction and constant across the tire 


4brasion const A (3? 
I 
where V is the velocity: G, the shear modulus of the tire, and s the side force, 
expressed as a fraction of the maximum possible side force. According to this 
decreases with increasing stiffness of the 
modulus G refers to the whole cross- 
little on the modulus of the tread. It 


equation, wear at constant side force 
tire, but it must not be forgotten that the 
section of the tire and depends relatively 


rclock wine 


will also be seen that wear increases rapidly with increasing velocity, since the 


side force balances in effect the centrifugal force and is, therefore, proportional 


to the square of the velocity 
Similar considerations can be applied to forces in the circumferential direc- 


nn, e.g braking and lead to similar results 


rHE MECHANISM OF WEAR 


GENERAI 


The constant in the equation above contains, among other factors, the wear 
resistance of the tread mix. Experience shows more and more that the relative 
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TaBLe I 
45 UFI OMP 60 UFI 


18.1 
18.4 
G 2% 28 ¢ 3 44.2 


H 2. 2. § 13.5 


wear resistance of two mixes has no generally valid magnitude, but depends on 
a number of variables, the most important of which are temperature’ and 
severity of the test*. We shall discuss here only the second factor. Particu 
larly interesting in this connection is the following table from the paper b 

suist, Newton, and Thornley, which gives road wear abrasions of four different 
tread mixes in 0.001 inch per 1000 miles. Each cycle comprises a complet 
rotation of the wheels, in which each tire ran in each wheel position; the tread 
mixes are specified by their carbon black content indicated at the head of the 
columns. In this experimental series, comparing mixes with two different fillers 
and two different filler contents, the higher loaded mixes gave, in general 

higher abrasion figures. The figures for cycle G, in which conditions were 
obviously more severe than in the other cycles, are remarkable; under thes 
exceptional conditions, the higher loaded and therefore stiffer mixes were less 
abraded than the softer mixes. Ranking of tread compounds can thus depend 
on details of the road test. 

A hint as to the possible origin of such effects is given in Figure 2, taken from 
an earlier publication®. These two photographs show the surface of a typical 
tread mix abraded under laboratory conditions on rough and smooth concret 
roads. The ridges seen in these pictures are called abrasion patterns, and are 
characteristic signs of the abrasion process. They are due to the combination 
of high elasticity and high coefficient of friction peculiar to rubber and have 


n patterns on a tread 


eonerete road Magnificat 
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been described in detail’. It may be mentioned that the ridges are 

s at right angles to the direction of abrasion, that they increase abrasion, 

iat they are the coarser, the lower the modulus of the mix and the rougher 

The last point 18 made clear Db J igure Z In this case, abrasion on 

rough concrete was about four times higher than on the smooth concrete, 

ference which must in part be ascribed to the ridges. Further examples of 
influence of abrasion patterns on abrasion will be given later 

It may also be noted briefly that the orientation of abrasion patterns can give 


information on the mechanism of rolling tires 


i 





It must be kept in mind, however, that abrasion patterns are merely a con- 
comitant effect of abrasion, and that abrasion without an abrasion pattern is 
possible. It is, therefore, suitable to consider tire wear as the outcome of two 
phenomena, intrinsic abrasion, and the propensity of the mix to form abrasion 
patterns 


INTRINSIC ABRASION 


Intrinsic abrasion is the abrasion determined when the formation of abrasion 


patterns is prevented, and the influence of the elastic properties of the sample as 


already discussed is mostly eliminated, that is to say, when the sample is not 


subjected to a continuous rate of deformation during the experiment. This is 
easily achieved by abrading a flat sample On @ plane track and changing the 
direction of abrasion periodically. It is also recommended that the sample be 
extracted before the experiment so that the results are not falsified by softeners 
etc., which ooze out of the surface and contaminate the track 

Ixperiments on the nature of intrinsic abrasion were carried out some time 


io’ Rubber surfaces were scratched with a needle in order to study the 


effect of local stress concentrations such as are expected to occur where asperities 
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of the road or of the abrasive track impinge on the rubber surface. The 
needle traces, the details of which depended on the nature of the rubber, could 
be explained qualitatively and showed that abrasion, i.e., the mechanical de- 
tachment of small particles, could be a consequence of local stresses. Similar 
results® are obtained when ui blunt point instead of a needtis s drawn over the 
rubber. The tange ntial stress produced by friction can, therefore, init tears 
on the rubber surface 


A simple theory of intrinsic abrasion® has 


tions, starting from the assumption that abrasio istane is ultimately 
governed by tear resistance. The theory predicts that abrasion is proportional 
to the normal load, is ind pe ndent of the partici 


hedral particles, and proportional to the radius of curvature ir 


ti 


spherical particles. These predictions agree satisfactorily with th 
mental results 


ABRASION PATI 


In every discussion ol abrasion path rns, t! 
into consideration Since abrasion patterns 


the rubber is not too high, they can Appeal 
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after a surface layer of the sample or tire has suffered sufficient lowering of 
modulus through the combined effects of repeated local stresses of the kind 
described in the preceding section (Mullins effect? This was surmised in 
the first description of abrasion patterns', has since been verified by other 
experiments” and is to be illustrated here by a practical example. Figure 3 
shows the same tread mix abraded on garnet and emery paper. The sharper 


garnet paper abrades the rubber 80 energeti lly that the softened surface layer 


is removed as soon as formed, and no abrasion pattern is produced; but on the 
blunter emery paper, abrasion is 80 slow that the condition for the formation of 
ridges is fulfilled 

Choice of a suitable abrasion method and suitable abrasive is, therefore, 
indicated when estimating the propensity of compounds for forming abrasion 
patterns. It has been found that the Akron-Croydon machine is well adapted 
for this purpose without materially affecting the results through the effects 
already discussed. Figure 4 gives examples of abrasion patterns produced on 
this apparatus. The difference between the surfaces of the mixes loaded with 
30 and 45 parts per hundred of HAF black shows the influence of modulus on 
ridges mentioned earlier, and the difference between the two mixes loaded with 
45 parts SAF black, compounded to different recipes, is explained by the higher 
coefficient of friction of mix D. It is interesting to compare in Table II the 
figures for abrasion on the Akron machine with the intrinsic abrasions of these 

j 


cOompounas 


4 B ( 
Blacl loading pph 15 HAI dO HAI 15 SAI 
Intrinsic abrasion 100 104 YY 
Akron-abrasion 100 142 YO 


According to | able II, the re lative abrasion resistance de pe nds to a great 
extent on the method of measurement, and this can also alter the ranking 
The figures for mixes A and B show a tendency already seen in Table I: the 
inferiority of the softer mix becomes evident only under the more severe condi 
tions imposed by the Akron machine. Severity of the test must not be con- 
fused with sharpness of the abrasive; the grindstone of the Akron machine is 
actually blunter than the garnet paper on which the intrinsic abrasions were 
determined What matter yn tl cron machi abrasion patterns 


are formed al 


PRACTICAL APPLICATIONS 


The suggestion to take intrinsic abrasion and abrasion patterns as the es- 
sential factors in tire wear can now be reformul 1 as follows The ratio of the 


wear figures of two given compounds will approach ratio of the intrinsic 


abrasions if the road test is carried out under ver’ le ynditions, under which 


the influence of abrasion patterns can be neglected. When the conditions are 


made more severe and the abrasion patterns contribute significantly to the 


wear, the absolute value of the abrasions naturally increase, but the ratio of the 


wear figures still depends on the propensities to form abrasion patterns and so, 
in practice, on the moduli It is possibli that ey al ranking occurs 


x 


such as has been found by Buist, Newton, and ’ 


The practical application of these concepts is still in its p: 
and will be illustrated here only by a simple example 
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It can so happen that the severity of the laboratory test is similar in intens- 
ity to that obtained in the road test. Figure 5 refers to an experimental three- 
way tire whose tread compounds were loaded, respectively, with 25, 35, and 
45 parts per hundred of HAF black. The two photographs on the right-hand 
side show the Bul face of one of the running bands on the sectors loade d with 25 
and 45 parts of HAF black; on the left-hand side, two extracted Akron samples 
of similar composition are shown for comparison. It is immediately seen that 


YY 
} Ly) f 
Uy of MI 
Uy) Yi; 


Fie. & Comparison of 
rubber HAF econter 


the black-loading affects the surface condition in an analogous manner in the 
laboratory and on the road. The agreement between Akron machine and road 
tests is not confined to the qualitative observations illustrated by Figure 5, but 
preliminary measurements have shown a relatively close correlation between 
abrasion on the Akron machine and these road tests 

It must again be stressed that this is an exceptional case and that, in general 
intrinsic abrasion and contributions of the abrasion pattern must be taken into 
account separately in the calculations. It is interesting, in this connection, to 
compare the success of the Lambourn machine in England and in the United 





788 RUBBER CHEMISTRY AND TECHNOLOGY 


States Powell and Gough" found good correlation between their instrume nt 
and road tests, whereas Adams, Reynolds, Messer, and Howland!* obtained 
correlation with the road test figures of any two compounds only if they com- 


pared them with half the differences in laboratory abrasions 
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CALORIFIC AND THERMAL PROPERTIES OF NATURAL 
RUBBER IN THE ORIENTED AND NON-ORIENTED 
STATES * 


3. I. GENGRINOVICH 


Researcn Inert Te ¢ ! IRs ‘ Moscow. US.S.R 


} 


The structural characteristics of high polyme ind the sharp dependence of 


their properties on the physical state create a need for a detailed study of these 
| 


materials in the region where their physical state undergoes a qualitative 
Besides, a study of the phase transitions of high polymers which cryst: 
independent interest 

The study of the transition of natural rubber from the oriented crystallin 
state to the non-oriented amorphous state was the problem of this work The 
determination of calorific and thermal properties in the transition region wa 
adopted as the method of investigation. It should be noted that, for rubbers 
these properties have been studied to a much lesser extent than have the other 
thermodynamic properties, particularly the mechanical properties 

In order to obtain crystalline rubber, strips of smoked sheet were subj 


to re peated rapid stretching at 50°, followed by cooling of the stretched samp! 


' 
to 12-14° C. The stress applied to the rubber during stretching overcomes the 
deorienting effect of the thermal motion, which im s the crystallization of 
non-deformed rubber At the same time, the ( } npl romotes a 


more ¢ omple te straight ning of the ( hains Blnce 


] 


intermolecular 


action diminishes and the chaotically-grouped oriented portions of the macro 
molecules present in the samples are disrupt d Rapid cooling of ie oriented 
rubber, obtained under such conditions, to temperatures beloy 
point of the crystals which formed led to the preservation of the physical stat 
which was distinguished by an increase of the crystalline phase content 
by a higher degree of orientation, compared with the e of rubber crystall 
during the same time by lowering the temperature v ut stretching On 
average, the extent of stretching amounted t 
length 

The oriented rubber was not a highly elas 
rent sense of the word! For this rubber 
perature is the crystalline state, which is 
and by the rise of the intensity of crystalline 
of the samples, with an increase of the tin 
temperature, the oriented rubber is converted t 
highly elastic proper nherent to rubber 

For rubber in wo states—oriented 
the heat capacity c,, the coefficient of thern 


of isothermal con sibility x in a te mperatu 


en CHEMISTR ann Trecun 


pages i 74 154 
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heat capacity at constant volume c, was calculated from the resulting data from 
the well-known thermodynamic relationship 

The heat capacity was measured by means of an adiabatic calorimeter’, 
which, very essential for rubbers, had a low thermal conductivity. The ab- 
sence of heat exchange with the surrounding medium assured temperature 
equality of the calorimeter and jacket within an accuracy of about 0.0005° 
Electrical energy was supplied to the calorimeter heater in increments such that 
the temperature rise during the experiment amounted to about 1°, so that the 
corresponding heat capacity value was the average for an interval no greater 


than | The temperature change was observed with a Beckmann thermometer: 
f 
ya 


mounted in the calorimeter jacket. The quantity of electrical energy con- 
sumed by heating was measured by the compensation method. The method 
guaranteed the obtainment of results with an accuracy of about 1 per cent at 
room temperature, and about 5 per cent at elevated temperatures. The dilato- 
metric method was used for a study of the temperature dependence of the 
volume. A study of the dependence of volume on pressure was made with a 
piezometer. The dilatometer and piezometer were filled in vacuo with mer- 
ry The initial volume of the rubber-mercury system was determined 


cil 


TABLE |! 
Ornented rubber N on-« ented r 


Cy, cal./g.-deg 0.479 0.419 

a, deg.~'- 108 76 67 

y, atm.~'-105 17.3 5.5 

v, ml./g 1.0682 1.0893 
cal. /g.-deg 0.469 0.352 


from their specific gravities at 20° C. In the experiments, the temperature 
fluctuation did not exceed 0.02° C. Experiments were carried out continu- 
ously over the entire temperature range for the study of the temperature de- 
yroperties 


pends nee of the 
tained for the properties of oriented and non-oriented rubber 


J 
The results ob 

at 20° C are cited in Table 1 
The quantities which characterize the properties of oriented rubber are 
larger in absolute values than those of non-oriented rubber This elevation 
should be attributed to disorientation phenomena It is known that, in parti- 


lly erystallized oriented rubber, the chains, by means of some of their parts 


I] l 

enter into the composition of the crystallites, and other parts form the amor 

intercrystalline substance With the relatively rapid temperature ris 

ssure reduction which occurs in the experiments for the determination of 

operties, a 8] litting off of links from the crystallites and their conversion 

} state occurs During these temperature and pressure 

s associated with an additional increase of the total 

internal energy and volume and with correspondingly large absolute values of 
Cy, a and x for oriented rubber 

Up to temper res of about 25°, the values are reproduced 

rection of the temperatur ange, which indicates the 

entation, and at th me time indicates that, in the 

portion of them, the interaction forces are 

unusual sensitivity to thermal and mechanical 


ction or structural defect® and is specific for rubbes 
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f the measurements of c,, a, and x at higher temperatures are 
presented in Figures 1-3. The temperature dependence of c, is shown in 
Figure 4. From the figures it is evident that, for oriented rubber, the tempera 
ture dependence curves of the properties are extremely anomalous. The 
anomalous increases of the heat capacity and of the coefficients of expansion 
and of compressibility indicate that, on heating oridented rubber, amorphiza- 
tion occurs, the rate of which increases in a temperature range from 20° to 39° C 
With a further increase of temperature, the decrease of the coefficients which 
was observed indicates the completion of amorphization 

The changes of the heat content and volume during the phase transitions, 
which occur in a widened temperature interval, were determined from the 
anomalous values of the heat capacity and coefficient of ¢ xpansion by integrals, 


along the width of the temperature interval 1 which the anomalies of these 
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coefficients occur. By extrapolation of the c, = f(t) and 


a g(t) curves tor 


oriented rubber, before their merging with the corresponding curves for non- 


oriented rubber, and, by measurement of the areas between these curves, we 


found that Q 7.95 eal./g. and At 0.020 ml./g Kmploying these values 


a 


of @ and Av, we calculated the dependence of the melting point on the pressure 


’ 


yy the Clausius-Clapeyron equation. Moreover, it was shown that the value 


of dT/dP does not depend on the width of the temperature interval in the 


transition region, but amounts to approximately 0.02 deg 
the total interval and for individual steps of it. We also obtained 


e kKhrenfest equation 


megabar, for both 


Tv: Aa 


4a dT dP 


where Aa 


Ac, 


differences of the val f the corresponding coefficients for 


ion-oriented rubber at : », where the anomalous values pass 























ontent in oriented rubber, calculated from the density 


smounts to about 24 percent. On conversion to complete 


the lts which we obtained for the change of the thermody 


ly crystalline 


heat of fusion and 0.089 ml./g 


fusion of rubber 


xpected, proceeding trom 


ight for low-molecular « 


transitions in 


wer of th 


me 
‘ 


then the macrotransiti 


Dber consists n 


were 


namic quantities 


rubber 


‘4 


volume 


ially low 
the ce pe nd 


ym pounds 


ore in the fact that. 


urs a simultaneous appearance of the regu- 


low-moleci 


ar sub- 


e crystals represents 


on of oriented rubber 


vith: et to the nature of the change of properties in 


sugyvests a pl ase transition of the second kind 


More- 


interval of the transition, the origin of which was inter- 


he first time by Aleksandrovy and in which anomalous 


be nsidered 


as the critica 
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region, 
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according to concepts Semenchenko® developed concerning the identity of the 
critical phenomena and phase transitions of the second kind 


ACKNOWLEDGMENTS 


We express sincere appreciation to V. V. Tarasov for the suggestion of th 
subject and for guidance of the work, and also to V. A. Kargin, B. A. Dogadkin, 
and G. L. Slonimsky for discussion of the results of the I 


WOrK 


REFERENCES 


The mechanical! properties of oriented rubber are characterized by the following values: Yo 
of approximately 9000 kg./sq. em. and tensile strength of 8OO kg./sq. cm. at a relati 
of 70 per cent 

kuratoyv, Koll nd. Zhur. 9, 133 (1947 

Kargin and Markova, Zhur. Fiz. Khim. 27, 1236 

These values for oriented r 


1953 
bber exceed those available in tl Bartene Zhur. Tekh. Fiz. 22 
426 (1952); Boonstra, Russer Cuem. ann Tecunot » (1951 or t 
the vulcanizate 
* Aleksandrov ransactions of the lst and 2nd Conferences 
SSSR Preas, 1945 
Bemenchenko, Zhur. Fiz. Kham. 26, 1337 


oth raw rubber and for 


ude, Akad. Nauk 
(1952 





CRYSTALLIZATION IN NATURAL RUBBER. 
IV. TEMPERATURE DEPENDENCE * 


A. N. GEnN1 
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Wetwynw Garpen Crry, Henrronpsentae, Enotanp 


INTRODUCTION 


Considerable experimental work on the crystallization of unstrained natural 
rubber, both vuleanized and unvulcanized, has been described previously’ 
The rate of crystallization of raw rubber increases as the temperature at which 
the crystallization occurs is reduced, until a maximum value is attained at 
about —26° C. On lowering the temperature further, the rate decreases con- 
tinuously. A similar temperature dependence is found for vulcanized rubber, 
although the rate at any given temperature is lower. 

Small quantities of certain impurities, for example, stearic acid, greatly 
increase the rate of crystallization of raw rubber*. Such impurities are nor 
mally present in plantation smoked-sheet rubber, on which many of the re- 
ported measurements of rates of crystallization have been made. The meas- 
urements now reported have, therefore, been made with a purified rubber 
(deproteinized pale crepe) containing negligible quantities of the relevant im- 


purities. Peroxide vulcanizates prepared from such a rubber have also been 


examined, 


The crystallization process was followed dilatometrically* 
THEORETICAL TREATMENT 
rIME FUNCTIONS GOVERNING THE CRYSTALLIZATION PROCESS 


In a previous publication‘ it was shown that the volume changes accompany- 
ing crystallization in vulcanized natural rubber at —26° C may be described to 
a first approximation by time functions of the Avrami type’. These relations, 
obtained from statistical considerations, give the amount of material C trans- 
formed to a new phase after a time ¢t when nuclei of the new phase appear ran- 
domly in space and then grow in certain simple spacial forms at a constant rate 
If the growing units are spherulites or polyhedral clusters of many small crystals 
containing a constant fraction A of crystalline material within the growing 
spherulite, two extreme time functions may be obtained, corresponding to two 
limiting conditions of nucleus formation 


(1) When all the crystal nuclei are present initially, none being formed 
during the course of the crystallization process, the degree of crystallization is 
given by 

A[l exp| — ‘/yrR*KC} | (1) 
where K is the average number of nuclei per cc. and F is the rate of growth of 
the radius of the spherulite 

* Reprinted from the Journal of Polymer Science, Vol. 18, pages 321-334 (1955 
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(2) When crystal nuclei appear at an average rate K’ per cc. per second 
throughout the crystallization process, the corresponding relation is found to be 


C = A[l — exp! — (#/3)R'K't*} ] 2 


The corresponding times at which half of the equilibrium degree of crystalliza- 
tion is attained are given by: 


In ry = — 41n[(4/3)eR*K/In 2) (3) 
and 

In 74 4 In ( (#/3)R°K’/I|n 2] 
respectively 


TEMPERATURE DEPENDENCE 


A relation for the temperature dependence of the rate of formation of nuclei 
may be obtained from classical nucleation theory’. The formation of a crystal 
nucleus, treated as a small sphere of radius r, is accompanied by a free energy 
change AF which may be considered to comprise two parts. The first is that 
due to the free energy of fusion, and is proportional to the volume of the nu- 
cleus; the second, of opposite sign, is that required to form the crystalline- 
amorphous boundary, and is proportional to the surface area of the nucleus 
The nucleus radius r* giving a maximum value of the resultant free-energy 
change may be considered a critical radius, since nuclei formed spontaneously 
having a smaller radius tend to disappear, while those formed having a larger 
radius will tend to grow. 

The critical radius is found? to be 


r* 20T 4 (Ty : hy 5) 


where o is the free energy of formation of the crystalline-amorphous surface, 
per sq. cm., and hy, is the latent heat of fusion per unit volume of the crystalline 
phase. T7'y is the equilibrium melting temperature and 7 is the temperature 
at which the formation of nuclei occurs. The corresponding value for the free 
energy of formation of a nucleus of the critical size is given’ by 


AF* JP ara* T54 ( T' x9 7 ah,-* f) 


The rate of formation of nuclei of the critical size by the fortuitous aggrega 
tion of chain segments is then given® by a relation of the form 


K’ = R’ exp{ — AU/kT} exp{ — AF*/kT} 


where R’ is a constant, k is Boltzmann’s constant, and AU is the activation 
energy governing the transport of amorphous material to a nucleation site by 
thermal fluctuations. The rate of growth of a nucleus larger than the critical 
size at temperatures well below the equilibrium melting temperature will be 
limited only by the rate at which amorphous material approaches the nucleus 
surface; the corresponding temperature dependence of the rate of growth FR of 
the crystal radius is, therefore, given by: 


R = Rexp{ — AU/kT} 
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where 2 is a temperature-independent parameter. On substituting in Equa- 


tion (2) for K’ and R& from Equations (7) and (8), respectively, the half-life of 


~ 


the crystallization process is obtained as a function of temperature 

The experimentally inaccessible quantity AU) may be obtained as a function 
of the temperature 7, at which the rate of crystallization is a maximum, by 
equating to zero the derivative with respect to the temperature of the crystal- 


lization half-life The relation so found is 


1/3r0*T? 4 (37 (9 


The corresponding relation for the half as a function of 


tem pe rature 18 
(10) 


where 


pb 7 [ ‘ / Tu ( T 


and B is a constant containing R’ andR 

Values for the constant a and the function B(7') at each temperature may be 
obtained from given values of the heat of fusion A,, the equilibrium melting 
temperature 7'y, and the temperature 7, at which crystallization is most rapid 
In applying Equation (10) in a later section, the heat of fusion* has been taken 
as 6.4 * 10° ergs/g., and the equilibrium melting temperature as 30°C. This 
is somewhat higher than the recently determined figure® of 28 + 1° C, but the 
method of measurement there used is likely to underestimate the equilibrium 
bly by two or three degrees. The temperature of most rapid 


value, possi 
C, as indicated by the experimental 


crystallization has been taken as 24 


results on the purified rubber described in a subsequent section 


EFFECT OF THE INTRODUCTION OF CROSS-LINKS 


The decrease of the final extent of crystallization caused by the introduction 


of cross-links has been ascribed in a previous publication‘ to the steric prohibi- 


tion of crystallization in an elementary volume V, around each cross-link If 


the VY are random! distributed, of number per ce or de nsity, n, the equilibrium 


degree of crystallization is given by 
Ae 


from statistical considerations 

The retardation of crystallization in the presence 
attributed‘ to the prohibition of crystal nucleus formation within a volume J 
h cross-link. The prohibited volume may be considered to arise 
prohibition and partly from the finite size of an effective 


If the sterically prohibited volume V; and the critical size 


and r*, 


of cross-links has been 


around ena 
partly from sterv 
crystal nucleus 

of the erystal nucleus are both assumed to be spherical, of radius r 


respectively, the volume V, prohibited to the centers of nuclei around each 


cross-link is given by 


(14) 
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The rate of nucleus formation is then given by a relation analogous to Equation 
(13): 


K’, = K’,exp{ — nl 


and the crystallization half-life is obtained from Equations (4) and 
form: 
(In 74)n (In r4)0 + nb 16) 


It is also possible that the rate at which amorphous material approaches a 
nucleation site is reduced by the introduction of cross-links. If this is so, the 
rate of crystallization will be decreased to a greater extent than is predicted by 
Iquation (16) 

Flory® has shown, in a thermodynamic study of crystallization in high pol 
mers, that the introduction of cross-links cause a reduction in the equilibrium 
melting temperature A third cause of retardation might therefore be inferred 


since the corresponding increase of the free energy of formation of a nucleus of 


the critical size results in a reduced rate of nucleation. It is shown in the Ap 


pendix, however, that this rate-reducing mechanism is equivalent to the pro- 


posed prohibition of nucleus formation around each cross-link 


EXPERIMENTAL METHOD 
PREPARATION OF THE TEST~PIECES 


The unvulcanized rubbers examined were plantation smoked-sheet rubber 
and a purified crepe rubber described previously? as deproteinized crepe Test 
pieces in the form of rods 10 em. long and of square cross-section of appro 
mately 4 mm. side were wrapped in stainless-steel gauze and sealed into 
bulbs of glass dilatometers, which were subsequently filled with mercury 
pe roxide vulcanizates (in the form of many irregularly shaped pieces hay 
dimensions of about 5 by 5mm. by 1 to2 mm vere prepare d and characterize: 
as described in the Appendix from the purified rubber 

A conditioning treatment, as described previously”, was imposed in all cases 
The filled dilatometers were heated for 1 hour at a temperature of 100° ¢ 
then kept for about 16 hours at 21° C After this treatment, the dilatometers 
were placed in a refrigerated chamber held at a fixed temperature in the range 

37 to 0° C Large initial thermal contractions took place, which were virtu 
ally complete in 5 minutes. Thereafter slow decreases of volume took place 
which are ascribed to crystallization The course of the volume contraction 
was found to be reproducible when the conditioning treatment was freshly 
imposed before each recrystallization, and the same ampies were, theretore 


examined at each crystallization temperature 


CHARACTERIZATION OF THE CRYSTALLIZATION PROC! 


Time functions of the form given in Equations (1) and (2) were fe 
describe the volume contractions to a first approximation. In the later 
of crystallization, however, substantial departures from the theoretical co 
occurred, the experimentally observed decreases of volume being more 
tracted than the theoretical relations suggest. Also no true equilib: 
attained in the course of the experiments, the volum ively decreasing 
over long intervals of time. Similar secondary crystallization processes have 
been noted in the crystallization of polyethylene terephthalate”, polyethylene’ 
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and polyhexamethylene adipamide”’. The relative magnitude of the secondary 
crystallization in natural rubber over the temperature range employed is shown 
in the typical curve of volume contraction as a function of time given in 
Figure | 

It is clear that the value obtained from such a curve for the time at which 
half of the primary crystallization has occurred will be insensitive to the par- 
ticular value chosen for the equilibrium degree of crystallization, and the half- 
life has been used hereafter to characterize the rate of crystallization without 
qualification. It is necessary, however, to define the volume contraction speci- 
fied as the completion of the primary crystallization process. This has been 
taken arbitrarily as the volume contraction that has occurred at a time of twice 
the half-life After such a time interval processes following the time functions 
given in equations (1) and (2) would be essentially complete Also, the values 
80 obtained are approximately those obtained from the intersection of the linear 





T IME Mit 


The progress of crystallization in the purified rubber at —0.5° € 


) 


Ihe full curve is of the form given by Equation (2 


approximations to the steep part of the primary crystallization and the second- 


ary crystallization on a logarithmic time plot, which is an alternative method 
of characterizing the extent of the primary crystallization. Finally, using 
values for the quasi-equilibrium volume change so obtained, and the half-life, a 
relation calculated from either Equation (1) or Equation (2) was found to 
describe successfully the major part of the crystallization process. The full 


} 


curve of Figure | was obtained in this way from Equation (2 


EXPERIMENTAL RESULTS: PURIFIED RUBBER 


The time dependence of the volume contraction was found to be that pre- 
dicted by Equation (2) to a first approximation at each of the crystallization 
temperatures employed, suggesting the growth of spherical crystal structures 
from nuclei which appear at a constant rate. The experimentally determined 
half-lives are plotted against the crystallization temperatures in Figure 2, and 
the rate of crystallization is seen to be most rapid at a temperature of about 

24° C, 

In considering the applicability of classical nucleation theory to the tem- 

perature dependence of the crystallization rate for natural rubber, only those 
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HALF-LIFE Ti eam) 





( ; ins 29 n) 
CRYSTALLIZATION MPERATURE 


Fig. 2 Dependence of the half-life of crystallization on the crystallization temperature 


rubber, open circles, and smoked sheet rubber, filled in circles Ihe full curve is of the form 


Equation (10 


measurements where no foreign nucleating sources are present are relevant 
The measurements on the purified rubber appear satisfactory in this respect, 
since (1) further purification by extraction with acetone was found not to alter 
the crystallization behavior appreciably, and (2) the time functions character 
izing the crystallization process indicate the formation of nuclei at a constant 
rate, a behavior which might be expected for the pure polymer 

In Figure 3, the half-lives of the crystallization process for the purified rubber 


are plotted on a logarithmic scale against the temperature function 6(7') defined 
by Equation (12). A linear relation is seen to characterize the experimental 
points approximately, in accordance with Equation (10 From the slope of 
the linear relation a value for a, the free energy of formation of the crystalline 
amorphous interface, may be obtained, and is found to be 6.3 ergs/em. 


Values for other crystallizing polymers have been reported of a similar magni 
tude", Using the value obtained for a, the activation energy Al’ for material 
transport may be calculated from Equation (9), and is found to be 10 keal./g 

mole. Similar values have been obtained" for the activation energy of viscous 


flow in natural rubber, which is a comparable process 


—— 








AIT) (x10*) 


Dependence of the crystallization ha fe on the calculated 
temperature function, (7 
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The variation of the half-life of crystallization with temperature correspond- 
ing to the linear relation of Figure 3 has been calculated, and is represented by 
the full curve of Figure 2. The agreement between the experimental points for 
the purified rubber and the full curve of Figure 2 is a measure of the success of 
classical nucleation theory in describing the temperature dependence of the 
crystallization rate for natural rubber over the present temperature range. 

In Figure 4, the quasi-equilibrium volume contraction is plotted against the 
temperature of crystallization. The final volume contraction is seen to be lower 
at lower temperatures of crystallization for the purified rubber, and, within the 
rather large experimental error associated with this measurement, an approxi 
mately linear relation is found to hold 

An increased rate of nucleus formation compared to the rate of crystal 
growth would presumably result in a lower ultimate degree of crystallization 
since an amorphous zone would be required between a growing crystal and each 

e nucleus it encountered to make possible the fitting of interconnecting 
It seer reasonable to assume that the rate of nucleus formation is 


i 


! 


latively increased at lower temperatures, and some reduction in the degree of 


re 


crystallization attained might, therefore, be expected on lowering the crystal- 
lization temperature 


EXPERIMENTAL RESULTS: CROSS-LINKED PURIFIED RUBBER 


The volume contractions were found to follow time functions of the form 
given in Equation (2) to a first approximation, indicating spherical crystal 
growth patterns from nuclei appearing at a constant rate. The introduction 
of cross-links was found to decrease the quasi-equilibrium volume contraction 
and markedly retard the crystallization process at each crystallization tempera 
ture 


The final volume contraction attained at a temperature of —26° C was found 


to decrease with increasing density of cross-linking, according to an approxi- 


mately linear relationship If this relationship is assumed to be that predicted 


by Equation (13) for small degrees of cross-linking, a value may be obtained 
from the slope for the volume V;, sterically prohibited to crystallization by eac} 


‘ The ilue 80 fou 





CRYSTALLIZATION IN NATURAL RUBBER 801 


This value may be an underestimate of the true prohibited volume. If the 


introduction of cross-links reduces the rate of nucleus formation « ompared to the 
rate of crystal growth, there will be fewer crystal-nucleus interferences, and the 
volume contraction will be larger than would be attained under constant nu- 
cleation conditions. It is difficult to assess the extent to which this effect 
compensates the excluded volume effect due to cross-links. In a more refined 
theoretical treatment, it will be necessary to modify Equation (13) appropri- 


ately. 








) . 1 e ; 7 i 3 4 


NUMBER OF CROSSLINKS , x10"/cm? 
tallizat t 


te that the 


ward by one 


No major influence of the temperature at which crystallization was effected 
on the prohibited volume was shown by th xperimental measurements at 


other temperatures, The observations were, however, insufficiently accurate 
to reveal small changes 

The experimentally determined half-lives of crystallization for the cross 
linked rubbers are plotted in Figure 5 on a logarithmic scale against the number 


of cross-links per cc. The experimental point described ap 


retard 


proximately by linear relations, as predicted | The 


TaBLe I 


Crystallization temp. (° C) 
(0 In r4/On) x 10° ex 
V,/4, X 10° ™ ce 


ition of crystallization at each temperature 
links may be characterized by the slope 


7) In T4/ ¢ n 


of the corresponding linear relation of Figure 5 
viven in Table I for the various t mperatures e! 
The retardation arising from the prohibitior 
a region surrounding each cross-link is predicted 
by V./4. The magnitude of this quantity m 
14) when values of r, andr* are known. The 
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the experimentally determined value of V,; given above, and values of r* may 
be calculated at each temperature from Equation (5), using the value for ¢ 
obtained in a previous section. In this way the values of the quantity V,/4 
given in Table I were obtained. 

The calculated values of V,/4 are seen in Table I to be of the same order as 
the experimentally observed retardations, although considerably smaller. 
However, the calculated values of V,/4 are essentially minimum estimates for 
two reasons. First, as described above, the value obtained for the sterically 
prohibited volume V, around each cross-link may be an underestimate of the 
true prohibited volume. The value ofr, is correspondingly uncertain. Second, 
the critical nucleus size and the sterically prohibited volume have both been 
assumed spherical in order to obtain a simple relation for the volume V, banned 
to nucleus formation. In general, both these volumes will be of more complex 
form, and the corresponding volume excluded to the centers of nuclei may be 
considerably larger than the value obtained by considering equivalent spherical 
volumes. 

Keven when such correcting factors are included, it seems unlikely that the 
major part of the retardation of crystallization occasioned by cross-linking will 
be accounted for by a nucleus-excluded volume mechanism, especially at low 
crystallization temperatures, and significant contributions to the retardation 
due to reduced segment mobility may be inferred. 


EXPERIMENTAL RESULTS: THE INFLUENCE OF IMPURITIES 


The time dependence of the volume contraction of plantation smoked-sheet 
rubber was found to be that predicted by Equation (2) to a first approximation 


at the highest temperature employed: —0.5°C. At lower temperatures, better 
agreement was obtained with a time function of the form given in Equation (1), 
indicating spherical crystal growth from nuclei which are effectively all present 
at an early stage in the crystallization process. The smoked-sheet rubber was 
also found to crystallize much more rapidly than the purified rubber at temper- 


atures below —0.5° C, as shown in Figure 2 


Presumably the crystallization-accelerating impurities present in smoked- 
sheet rubber are precipitated locally at temperatures below —0.5° C, and 
catalyze the crystallization of the rubber. Larger quantities of the relevant 
impurities might be expected to precipitate at still higher temperatures. It was 
found that the addition of 2 per cent stearic acid to the smoked-sheet rubber 
cause a marked acceleration of the crystallization process at —0.5° C, the half- 
life being decreased from about 7000 to 1500 minutes. 

Measurements were made of the rate of crystallization at a temperature of 

26° © of vulcanized rubbers, with and without crystallization-promoting 
impurities present. The test-pieces were prepared from smoked-sheet rubber 
containing 2 per cent by weight of tert-butyl perbenzoate by heating for 50 
minutes at a temperature of 140° C. The half-life of crystallization of these 
was found to be 1500 minutes, which increased to 2600 minutes after extraction 
with acetone. Similar differences were found between nominally identical 
vulcanizates prepared from the smoked-sheet rubber and the purified rubber. 
It appears therefore that, although the crystallization-promoting impurities 
ire still active under these conditions, their efficiency is much reduced, since the 
factor by which the rate is increased is somewhat less than 2, compared to a 
factor of about 4 for unvulcanized rubber. Moreover, similar vulcanizates pre- 
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pared from smoked-sheet rubber having l per cent by weight of stearic acid 
added, initially transparent, became opaque on standing at room temperature 
due to the formation of a bloom on the surfac: It seems probable that the 
impurities are hindered from precipitating locally in a cross-linked rubber, and 
consequently tend to diffuse to the surface to be deposited there 

The values obtained for the quasi-equilibrium volume contraction of the 
smoked-sheet rubber are plotted in Figure 4 against the crystallization tem- 
perature. They are seen to be lower than those found for the purified rubber at 
temperatures where the crystallization-promoting impurities are effective, and 
to exhibit a much smaller temperature dependence. It was proposed previ 
ously? that the relevant impurities act by facilitating crystal nucleus formation 
The curve of Figure 4 for smoked-sheet rubber is that to be « x pec ted when a 
specific nucleation mechanism becomes operative below a certain temperature, 
and the resulting greatly increased number of crystal-nucleus interferences 
causes a reduction of the final volume contraction. The lowered degree of 
crystallization will thereafter be largely temperature-insensitive, as is found 
experimentally, since the number of crystal nuclei present is governed mainly 
by the disposition of precipitated impurities rather than the probability of th 
formation of a critical size, which is temperature dependent, by fortuitous ag 
gregation. 


GENERAL CONCLUSIONS 


The experimental measurements of the rate of crystallization for the d 
proteinized crepe rubber at various temperatures have been shown to be de 
scribed adequately by classical nucleation theory. This is at first sight su 
prising. It has recently been shown", however, that a free-energy function 
for nucleus formation not essentially dissimilar to that required by classical 
theory can be derived for high polymers from the lattice treatment of polymer 
crystallization’. Values have been derived from the experimental results for 
the free-energy of formation of the crystalline-amorphous interface and the 
activation energy governing the motion of chain segments, 

The influence of cross-linking in retarding crystallization has been shown to 
be considerably greater than is predicted by an elementary banned volume 
mechanism, and is therefore ascribed in part to the reduction of the mobility 
of chain segments occasioned by cross-linking 

The influence of naturally occurring impurities in smoked-sheet rubber in 
accelerating crystallization has been examined further. It appears that at 
sufficiently high temperatures they are ineffective, presumably because they ar 


precipitated too slowly to appreciably affect the crystallization process. Thei: 


efficiency is also reduced in vulcanized rubber, apparently because they are pre- 
cipitated with difficulty within the rubber network 
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APPENDIX 
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type time functions describe the progress of crystallization to a first approxima- 
parameters indicate the growth of spherical crystal 
at a constant rate in a purified 


describes the te mperature 


tion. The numerical 
structures from nuclei which apprear randomly) 


It is shown that classical nucleation theory 
The retardation of crystallization caused 


partly to a reduction of chain 


rubber 
dependence to a first approximation. 
by the introduction of cross-links is ascribed 
segment mobility and partly to the prohibition of crystal nucleus formation 
stal nucleation appears to be promoted in planta- 


\ 


around each cross-link, Cry 
tion smoked-sheet rubber by the nonrubber components at temperatures below 
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OBSERVATIONS ON THE RELATION BETWEEN 
LABORATORY AND TEST-STAND MEASUREMENTS 
OF TIRE TREADS AND THEIR BEHAVIOR ON 
THE ROAD* 


W. Kern 


Merze.er Gowuiwerxke A.G., Monicon, GeamMany 


Compounding development requires economical, rapid, and accurate assess- 
ment of the qualities prescribed for tire treads with respect to driving safety, 
abrasion, and dynamic fatigue. Laboratory and test stand measurements are 
utilized for this as a preselection means prior to road tests. The complex 


nature of the conditions in practical driving on the road, on the one hand, where 
the characteristic behavior of the tread is determined by the type of compound, 
the tire construction, the type of vehicle, and the nature of the road, and on the 
other hand, the often too great intensity of laboratory and test stand conditions 
and their lack of similarity, are the causes for difficulties in the correlation of 
laboratory and test stand results and actual service. With the aid of several 
examples and comparisons, the importance of the nature and intensity of the 


treatment in the testing of the above named characteristics of safe travel, 
abrasion and dynamic fatigue will be discussed. 


INTRODUCTION 


In evaluating new developments in tires, road tests are of the greatest im- 
portance. These driving tests give the best correlation with practical results 
obtained by customer and user—briefly called “service” in what follows. To 
build tires and to test their characteristics with the tires themselves is, therefore, 
1 basic principle which will always be valid in the field of testing techniques 
However, the expenditure of material and, above all, of the time required in 
road tests is so great that the demand for economical, rapid, and accurate 
methods of evaluation by laboratory and test stand measurements still remains 
They should serve as a preselection means for road tests, and, in addition, as a 
control for the uniformity of the raw materials and for the manufacture. To 
test economically and rapidly is a demand that is easily met; the real problem is 
to test accurately, and espec ially realistically sy this is meant that between 
the test results and actual service there must be a satisfactorily close correlation 
in the statistical sens 

It is not possible within the limits of this presentation of the problem to deal 
with the essential characteristics that are desired in a tire. We propose, there- 

to direct our attention to tire treads and to deal with three properties, 
1) driving safety 2) wear, and (3) dynamic destruction With the 
veral examples we shall discuss the following questions related to these 
three properties 


* Translated for Rewsaer Curmierry ann Tecunotoay from Kautachuk und Gummi, Special lasue or 
tires, Sey tember 1955, pages 31-40 This paper was presented at the International Conference on Tires, 
held under the auapices of the Rubber-Stichting, Delft, Netherlands, May 12-13, 1955 


806 





LABORATORY AND ROAD TESTS OF TIRE TREADS 


(a) Why it is so difficult to obtain good correlation, and 
(b) What can be done to improve the correlation? 


In this connection, we wish to stress the following three points which hold for 


] 


the laboratory and test stand measurements and also for road tests 


1. Each of the three characteristics named is a resultant of the type com 
pound, tire construction, type of vehicle, and character of the road 

If, for example, in the measurement one includes only the effect of type of 
compound, these measurements should not be expected to show a close rela 
tionship with the behavior in service 

2. The evaluation of the properties depends markedly on the test condi 
tions; that is, the properties are not to be considered as fixed values but, instead, 
depend greatly on the test conditions, and, for this reason 

3. A correlation is to be expected only provided the test conditions ar 
adapted in nature and intensity to service requirements. For this, a knowledge 
of such practical requirements is necessary 


Kach of the characteristics will be discussed in a section by itself. Each 
section will be preceded by a review of the literature, for which, however, no 
claim of completeness is made, but which represents a purely subjective selec 
tion (Table 1 The examples in each section serve to hold constantly before 
our mind the three points already mentioned: the complex nature, the influence 


of the test conditions, and conformity to the nature and intensity of service 


DRIVING SAFETY 


In view of the high average driving speeds, the question of the way the tire 


grips the road is one of great importance for safe driving. Good ground grip- 
ping is necessary in order to give a tire good traction, good braking power, and 


good sidewise stability 


A SURVEY OF THE PROBLEM 


In order to meet these requirements, measurements were made of the co 
efficients of friction of tire-tread compounds and of possible ways of increasing 
the friction. Of the laboratory measuring procedures, only a few, which repre 
sent the three characteristic ways of testing, will be mentioned 

Conant, Dum, and Cox! and Boonstra? have measured the coefficients of 
friction directly from the ratio of the force in the direction of sliding to the fores 
at right angles to it, i.e., according to the principle of the inclined plan Wi 
in our tests determined the coefficients of friction from the logarithm of the 
ratio of two measurable forces when a test-strip was passed over a rotating 
slipping track, according to the principle of the rope brake 

Weinbrenner and Ecker‘ utilized a turntable (Karussell) method, in which 
the deflection of a wheel dragged on a circular track caused by the centrifugal 
force gave a measure of the tendency of the compound to slip. These authors 
also studied the effect of the type of friction surface and of the temperature on 
the coefficients of friction 

Wilkinson® investigated the coefficient of friction on ice, and preferred these 
laboratory measurements to road tests because, in the latter, there can be great 
deviations in the results; for example, those caused by temperature variations 
during the measurements. The author observed a strong dependence of the 
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coefficient of friction on the speed, with occurrence of & maximum, similar to 
that mentioned by us? 

In the determination of the coefficient of friction a choice of compound 
formulation and type of rubber is possible. In this paper it is shown, however 
that this does not suffice for a correlation with the gripping power. In addition 
to the coefficient of friction, the gripping ability of the tread pattern is an im- 
portant factor. This is a function of the mobility, conformity to the supporting 
surface, and the effect of edges 

Measurements of tires made on test stands are a necessary supplement; 
for example, the procedure described by Bobeth®. Further measurement can 
also be made of the forces that can be transmitted in the direction of the periph- 
ery, that is, not merely measurements with pure rolling. For this, Williams 
and Clifton’ published a method by which it is possible to measure the braking 
force on an ice-coated test stand Their paper calls attention to possible dis 
crepancies cause d by the curvature of the test drum when contrasted with the 
plane road surface 

The advantage of the test-stand measurements is that most of the scattering 
among the results of road tests can be avoided In spite of this, road tests 
cannot be dispe nsed with These include tests with towing devices, or ¢ xperi 
ments with suitably designed test cars or tests with ordinary vehicles, in which 
the measuring equipment can be installed for such tests, as described, for 
example, by Lessels® 

As dealt with by Williams and Clifton’, Grace and Winter’, and French and 
Gough”, the measurements comprised for the most part determinations of th 


coefficient of friction from braking tests and from the radial acceleration during 


travel on curves, the length of path on braking from a definite speed to a stand 
still, the maximum acceleration from rest, the maximum climbing ability, and 
the maximum attainable speed on ice The se measurements give the hest in 
formation with respect to driving safety, for they involve not only the influences 
of the compound and the tread pattern, but also the type of vehicle and the 
nature of the road surface 

The importance of the latter influences is pointed out in the published works 
of Enders", von Bomhard"™ and Koessler4’. The shock absorbers on the vehicle 
and the nature of the road determine the dynamic load on the wheels and 
consequently, the gripping of the tires on the road pecial attention is d 
voted to carrying out the testing under conditior it correspond dynamiucall 
exactly to the actual service conditions 


EXAMPLES 


Figure | gives an example of a laboratory measurement in wl 


| 


coefficient of friction is represe nted as a function of the velocity The measure 


ments were made with a wet steel contact surface Curve I is for a natural 


rubber compound, curves II, III, and LV are for the same compound, but with 
increasing amounts of a wetting agent added to the distilled wate: The inter 
pretation of the effect of the wetting agent will not be gone into here, and the 
discussion will be confined to what is decisive for the question of the correlation 

The curves show an increase of the coefficient of friction, the occurrence of 
a maximum, and finally, depending on the type of compound, a decrease; in 
short, a strong dependence on the velocity This proves that a singl alue 
for the coe ffie ient of friction is not sufficient to evaluate a compound If one 
wishes to judge compounds, or as here, the effect of wetting agents, the question 
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arises as to what velocity one should use for the comparison. The order would 
be different at lower velocities than at the maximum or at higher frictional velo- 
cities. If one does not know what velocities are decisive for service, then one 
cannot draw any conclusions from these measurements about the gripping 
power of the tire From the increase of the coefficient of friction, one can 
deduce that not the rest friction but a certain relative motion must be presup- 
posed, that is a certain slipping of tires in the peripheral direction’. The slip 
calculated for the maximum is, however, still much smaller than that which, 
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15 ? 
Reibgeschwindigkeit ( cm/sec } 
of the contact velocity Stationary layer: sand 
Normal tire compound (natural rubber) with distilled 
uyer lil. 0.1% wetting agent in the boundary 
the boundary layer Ordinate: Coefficient of 


on the average, occurs in the cs From this it can be concluded that 
those values of velocity which are to the right of the maximum are more essen- 
tial in the case of tires, and that the so-called gripping friction at rest does not 
necessarily make it possible to draw any general conclusions 

Table II gives the values of the coefficient of friction measured at 20 cm. per 
sec. frictional velocity for the same compound as that in Figure | For com- 
parison, however, incisions were made in the rubbing surface of the test-piece, 
similar to the tread grooves on tires. The coefficient of friction is appreciably 
increased over that of the untreated sample, but to a lesser degree if the cuts 
are too narrow. This simple example shows that, besides the type of com- 
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pound which here remained the same, a suitable profiling, can impart, by the 
effect of mobility and of the edges, marked improvements, especially at high 
frictional velocities. From this it can be concluded that measurements in the 
laboratory are not sufficient to assess the holding ability of a tire 

This finding leads of necessity to expanded measurements on test stands, 
which give a better evaluation of the influence of the tread patterning Test- 
stand measurements are made for the most part on drum test-stands. In this 
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connection it must be realized that because of the curvature of the drum there 
can occur deviations in the nature of the treatment compared with that on a 
plane surface. Figure 2 shows, for example, the contact areas of the plane 
surface and of the drum when the air pressure and the load are varied on a tire 
without tread profiles (6.40-13). With a change of about 25 per cent air 
pressure or load, a surface area is obtained equal to that in the case of the plane 

This is for a drum diameter of 1.6m. But it is not easy by means of this device 
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ne can be neglected or not. Only large drum diameters or turn- 
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is that a large part of the deviations among results of road tests 
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It is well known that, in practical service, the load on the wheel does not cor- 
respond to the static load, but underloads and overloads occur The unde 
loads diminish the gripping power and the driving safety Measurements of 
the dynamic wheel loads were made, forexample, by von Bomhard"™, and thes 
we have evaluated as follows 

The whole length of the recorder strip showing wheel load vs. time was 
divided into individual sections, i.e., time elements. The wheel loads cor- 
responding to the sections were arranged in the order of their frequency and 
represented according to the cumulative probability Figure 3 gives thei 
distribution for a road with smooth asphalt with (1) and without (II) shock 
absorbers, and for a concrete surface road (Kleinpflasterstrasse) with numer 
ous frost cracks and with shock absorbers (III The flatter the course of the 
curves, the greater is the deviation of the wheel loads from the average valu: 
It can be seen that the axle damping plays a decisive role in the distribution of 
the wheel loads. A greater damping gives better equalization of underloads 
and overloads If the vehicles differ in their damping behavior, the same tires 
may be evaluated differently. Table III makes a still clearer evaluation 


Tase Ill 


EVALUATION OF THE DISTRIBUTION oF Wueet Loap AccorDING 
ro MEASUREMENTS BY LBomHARD"™ 


During 10 20 
Street with smooth asphalt (51 km. per hr.) 
(1) With shock 
absorbers 87 9G] ( i¢ average wheel load 
(II) Without wi sd 6°, ol the average wheel load 
shock absor 
bers 
Concrete with frost cracks (85 km. per hr.) 
(III) with shock 16 51 5 » of the average wheel load 
absorbers 


At the higher speed of 85 km. per hour, for example, and with a bad road 
surface condition, the wheel, in spite of the damping, presses on the road with 
less than 51 per cent of the average load for 20 per cent of the travel distance, 
i.e., only one-fifth The tires are floating during a considerable part of the 
travel In these moments, smaller forces are able to cause skidding than 
would be the case in rolling along under constant load, and this lowers the driv 
ing safety. In this case the danger of skidding does not depend on the tire 
alone 

If one were to conduct static measurements or towing measurements at low 
speeds Ove! the Same roads, howe Ver the mn one Wi lid not be aware Ol the St 
dangers 

This example shows that conditions similar to actual service are 
for the evaluation 


SUMMARY 


Laboratory measurements of the coefficient of friction do not suffir 


complete correlation with respect to the driving safety of tires. The g: 

ni pe 
alone, but also in large part by the tread pattern. This is indicated by 
test-stand and road tests 


power of a tire is not determined by the coefficient of friction of the co 
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with lateral forces acting on the tire. It is pointed out in this paper’ that the 
one-sided wear which occurs makes periodic shifting of the tires necessary 


Road tests give the best correlation with service Directions for carrying 


out such tests are given by Stiehler, Mandel, and coworkers™, Stechert and 
solt®', Sjothun and coworkers®, and the National Bureau of Standards The 
influences of type of compound, mode of travel, wheel position, temperature 
and climate are evaluated according to statistical points of view tecent 
reports by Amon and Dannenberg™ stress the necessity of taking into account 
the driving conditions and the intensity in road tests as well. Abrasion figures 
differing by more than one order of magnitude can be produced by the manner 
of driving, type of road, and the load It is not sufficient to use a single 

from one test to characterize abrasion behavior®® and then generalize from this 
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EXAMPLI 


When the abrasion values are plotted agains 
curves like those in Figure 4 are obtained. TI 
show the ty pe of behavior, so no scales are show 
following discussion it makes no difference: 
loss as a function of the same time, same d 
whether the intensity is varied by increasing 
ness of the contact surface of the underla 
counted as intensity changes In all cases 
that in Figure 4 At lower intensity, for ¢ 
rubber) is superior, while at higher intensit 
superior If it is desired to arrange the com; 
tion again arises, just as in the case of the determin 
friction, as to what test conditions one should s 
easier to answer this question if one has a cle 
in practice 

For this purpose let us consider Table I\ 
ity is the loss of thickness in uw per minut 
measure need be of no concern, for we are her 


the order of magnitude of the wear 
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quencies employed have been surveyed by Angioletti®. These are decisive with 
respect to th agnitude of the losses Jesides heat build-up, mechanical 
stresses also produce cracks directly, as reported by Gough and Parkinson®. 
Buist®, ans ims“ in particular have carried out studies with the De Mattia 

best known method of the second group for testing crack forma- 
tion with appreciable superimposed heat development, and also with the 
chain bending machine. In the third group is the rotary flexing machine* in 
which crack formation in the surface of a sample is influenced by the heat build- 
up in the interior 


The tests of all three groups show clearly that the nature and intensity are 
decisive for the correct ordering of test compounds 

In heat build-up, the order of the results de pends decisively on whether the 
treatment involves constant deformation, energy, or force**, or on what intensity 
of treatment and what temperature are chosen. Only with knowledge of the 
practical cor ditions 1s it possible to choose the proper type of test 

In er ormation, the tension on the elongation in the surface, i.e., the 
intensity, is decisive for the moment at which the crack starts to form or for 
the rate o rowth, and for the relative rating of compounds. On the 
one hand. with increasing testing velocity, the results show smaller deviations“ 
This is achieved by choice of sample shape“ or by concentrating the load in 
single zones On the other hand, with too great departure of the intensity 
from the conditions ir vice, differences in the ranking of the compounds ap 
pear, as we show in this paper 

An example that illustrates more precisely the complex nature of the treat 


ment causing crack formation is shown in the work of Gehman and Clifford*, in 
which a periodic stress acts on the test-piece in two perpendicular directions. 
In this work, a dependence of crack formation on the structure direction 18 
established, to which we referred earlier*® 

In test-stand measurements, not only is there the effect of the compound 


but also that of the id profile ar d the tire construction For judging crack 


formation, it 18 pos e to bu 
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on the test stand, and in road tests. Tires are tested not only with pure rolling 
but, to simulate service conditions, tires are driven in contact with a braked 
drum. After a running-in period, temperature measurements are made in the 
surroundings, in the air chamber of the tire, and in the boundary layer between 
tread and carcass. With regard to the corr on, these authors report that 
there is fundamental agreement between laboratory measurements of tempera 
ture and those on the test stand 
Thermal behavior is not sufficient, however, for evaluating dynamic de 

struction in service. In addition, breakdown or failure 


tread separa 


by 
tion is one of those properties which cannot be foreseen by hysteresis measure 


ments alone, and require special adhesion or bonding tests® 
Among practical road tests, the work of de Decker™ should also be men 


lationship between hysteresis losses and fuel 


tioned. He has reported on the re | 


consumption 
EXAMPLES 


In this section the examples relate only to dynamic crack formation. The 
relationships are similar for heat destruction Figure 9 shows crack formation 
as a function of the intensity Like Figure 4, this too is shown only schemati 
cally and is intended merel yto illustrate what is stated below. Crack formation 
is measured as crack area*® or crack length, and is expressed in relative terms 
i.e., In comparison with compound The figures were obtained with a machine 
designed on the De Mattia principle Here the intensity can be varied readily 
by adjusting the stroke for equal elongation } is way the flex angle is 
varied, and this is used as a measure of the intensity It would be equally 
correct to use a different machine or to represent cr formation as a function 
of the elongation In defining the flex angle, it should be understood that this 
means the angle between the two tangents to the outer surfaces of the test 
specimens. In the completely flexed state it is zero degrees 

From this representation it is seen that, at high intensity, compound | 
shows up appreciably better, i.e., shows much less crack formation after the 
same running time, whereas compound IT is superior at lower intensity 

Here we encounter the same fact as tha ! n assessing coefficients of 
friction (Figure 1) or abrasion (Figure 4 The ion arises, at what intens 
ity the ranking of compounds should be ma 3 not enough to make a test 
at a single rbitrarily selected intensity, for ne must have son knowledge of 
the service cond) ms in order to be able 
the magnitude of e stresses and strains 

Without going into details concerning 
have alread iscussed in part*®, we shall gi 
the magnitude of the stresses or the elongat sani 
tread profil The magnitude and the course of the elongations it 
laver depend on the shape of the grooves, as | e 10 show Here 
tion 1s shown a omplets fli xing (angle zere ley or a paraboli 

( corresponding appre itely » tl De Mattia fo 
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running time for producing measurable cracks increases. The approximate test 


cycles corresponding to the flexing angles are show: rhe order of magnitud 
of the extensions in laboratory, test stand, and road tests are included in the 
figure 

Here again can be recognized the philosophy which constitutes the leading 
idea of this paper: the closer the intensity of the test approximates the condi 
tions of service, the better the correlation The test must not be too severe 
On the other hand, a severe test has the advantage of shorter duration and less 
deviation of the results. According to the aim of the test one or the other 
For routine control tests of technical compounds, whose 


method Is pre ferable 
(om 


uniformity it is desired to determine, the severe test will be employed* 
pounds that are formulated very differently and whose practical ranking is not 


yet known should be tested at intensities as close as possible to those of actual 


service, 


Lobor Messungen geringe Streuungen, 
aber schiechte Korreiatior moglich 


Relot Dehnuny 


» 


= Labor Messungen, 
Qute Korreiation 
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Fie. 11 ‘ e elongation (based on maxin 
flex angle t ion between running time and seve 
Relative elong ) Abscissa: Flex angle a (upper 
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Laboratory 1 is t ent good co “ t . act 


Finally let us call attention to the comparison between 4 pl ine and & 


a matter which is, in fact, of decisive importance fo nining the dynami 
i 


behavior, for example, rolling resistance and heat destruction on test stand 
In Figure 12 the elongations in the ground contact region and in the diametri 


cally opposite region in the innermost part of the carcass are shown for a 6.40 


13 tire. These elongations are imparted to the compound in th: le wall and 


tread The greater severity in the curved surface over that of the plane can be 
seen especially in the ground contact region of the side wall The effecta are 
exaggerated compared with those in road test This fact must be bor 
mind if conclusions are to be drawn from measurements carried out 
stands 

DISCUSSION 


In the determination of destruction by heat alone, of mechanical crack 
ler 


formation, and of combinations of these two effects, it is important to consid 
the nature and intensity of the treatment in laboratory measurements. Corre 
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Ebene 


10%. 


J 


ngation in the tire in r wall (6.40-13), in ground contact region and diametric 
linal and transverse ymparison between plane and curved surfaces 


‘r= 


Plane 
transver 


lation with the crack formation which occurs in service is obtained if the tests 


In this case, long testing periods and greater vari- 
ations in the results are unavoidable Only for control tests of the uniformity 
rapid, more precise test methods suitable 


are made at low intensity 


of known compounds are severe 
In test-stand measurements, besides the effect of the compound, the tread 


pattern and the tire construction also play a decisive role with respect to heat 
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build-up and crack formation. Here the discrepancies between the severity of 
the action on a drum, compared with that on a plane, manifest themselves 

For dynamic destruction, there is a correlation of laboratory and test-stand 
evaluation with road tests and normal service. The first two test methods are 
thus the most significant with respect to this property 


CONCLUDING REMARKS 


The only way to get a complete picture of the characteristics of tire treads 
is to classify the tests according to the influence of the compound, construction, 
type of vehicle, and type of road. Only by adapting tests in the laboratory, on 
the test stand, and on the road to the nature and intensity of practical service 
conditions, can good correlation be expected 

Laboratory tests show at most the effect of the compound and possibly 
that of the nature of the road (roughness) and that of the climate (temperature) 
It is reserved for test stand and road experiments to bring out those properties 
that are affected by the tread pattern and the type of vehicle 

We see as an essential task of laboratory testing technique not so much the 
creation of new complicated laboratory testing apparatus, as in better and 
better analysis, using new measuring methods, of the action on tires on test 
stands and in service, in order from this to find improvements in the available 
test apparatus and to base these on definite unfalsified elementary processes 
The knowledge of the practical conditions not only has the advantage of im 
proving the correlation, but makes it possible even in advance to strive for a 
goal-seeking development aimed at bettering the tire characteristics, since then 
one knows in advance what conditions are involved 
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THE INFLUENCE OF THE HARDNESS OF RUBBER ON 
ITS COEFFICIENT OF STATIC FRICTION WITHOUT 
LUBRICATION * 


{ATNER AND V. ID. SoKou’ 
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rupper on other S lid rials 
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where Fy < N): and Fo is the tangential 
attraction between the materials, determining tl 
where yw, is a comparatively small value? 

This equation is based on Deryagin’s the fa binomial law of frie 
sold materials In connection with this, it w wh experimentally 
the friction of crossed filaments’, the load has exact } ime Kind Of ¢ 
the value of this friction as it has on the trict 
materials 

Thus, with ordinary samples, also, we 

rt of influence on the friction of rubber 
Sut as for the exact form of the 
the friction of other solid materi 
latter 1s deformed to a far greater extent as 
fail to cause a difference in the hardness of the 
to this equatiol F, is the tangent of the angle 
plotted against 1/N, where F, is constant 
rubber OK onsiderable deviation fro 

In the present work, an attempt 
precis \ iw into account two ex] 
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with a decrease 
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according 
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coefficient of {ric ) i pr Va he load n kg. per eq. em 
t adings of graphite 
73 5. 120) 


ck based on 
0.65 | . «0 ( 73 
0O parts i . the rubber The 
P; that of Fig. 1 1/P ordinate on both represents 


since the area of actual contact is proportional to the area of the nominal surface 


of friction S his equation expresses qualitatively both of the facts noted 
above (the positive effect of the load and the negative effect of the hardness) 
and is accurate for the extreme values of h. That is, if the material is plastic 


(h 0), the area of contact is proportional to the load (F 4.V), which re- 


duces | quation (1) to Amonton’s law vi onstant On the other hand, if 


the material is absolutely hard (/ 1), then the area of contact is not affected 


Fia. 2 Comparison betwee 

BSKS-30) has on the minimus alue of the efficient 
the true tensile strength « of the stock (curve 4 1. Fr 
alloy AMG 4 On Pie xigias 
100 parts of the polymer 


ej. cm 


bher on «tee 


The abeciasa representa th { parte of ca t by weight per 
The ordinate at left represer hat at right the tens en n kg. per 
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by the load (Fo = constant). Substituting Equation (2) in Equation 
(1), we get: 
A 
M Me T yh 
In order to verify the applicability of this equation’, it was necessary to plot 
the experimental data in terms of w versus 1/N*, with the expectation that the 
points would lie on a straight line, the tangent of whose angle of slope would 


equal A. 


TABLE | 


2 


VALUES OF THE CONSTANTS OF EqQuaTION (3) IN THE FRICTION OF 
Rupper ON Test-Preces or Various MarTerRiALs 
Parts 


Rubber Filler weight A 


Natural None 0 O30 Of 
rubber Gas black 10 0.60 0.57 


SK B-35 None 0 030 O 
Gas blach 60 062 O 


SKN-26 None 0 045 O5 
Gas blac! 45 O68 O 
Gas blac 60 0.75 O 
Gas blac 120 0.92 0.5! 
Chalk 60 0.60 
Chalk 120 «0.62 


SKS-30 None 0.46 
Graphite 0.54 
Graphite f 0.65 
Graphite 0.79 
Powdered 
silica gel f 0.65 
Powdered 
silica gel 2 0.89 


Neoprene None 0 0.49 
Lamp black 50 0.70 


Note: The quantity A is given for the case where N is 1 


In order to achieve this, we expressed A in terms of the limits 0 
We took advantage of the fact that, according to GOST No. 263 
hardness of rubber can be expressed in the units of an instrument (the Shore 
durometer) with a scale ranging from 0 to 100, on which all rubbers fall between 
limits of 20 and 99. We let Ah represent the Shore hardness divided by 100 


This method, to be sure, is of an empirical nature We had recourse to it by 


reason of the incomple teness of present-day knowledge of the hardness of ma- 
terials, the mechanical properties of rubber, and friction. We must, however, 


ascertain to what extent its use is permissible in the range where it can be re 
lated to the phenomena mentioned. It is evident from Figure |b that Equation 
(3) is satisfactory 

Analogous data have been obtained for friction on I inum 
magnesium alloy AMG, and on Plexiglas of various mpounds based 
on different rubbers and loaded with graphit 
The constants of Equation (3) are shown in’ 
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APPARATUS FOR THE CONTINUOUS MEASUREMENT 
OF STRESS RELAXATION IN VULCANIZED RUBBER * 
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A NEW METHOD FOR DETERMINING THE DYNAMIC 
MECHANICAL PROPERTIES OF RUBBER * 
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DISCUSSION 


ed information that is co 
it given by Nolle™ for a 
interpolating the curves which he gave 
I, the followi comparison 18 made at 


Noll 26 X 10° 


Present work 21 X 105 


This is considered to be good agreement, particularly since Nolle’s stock 
contained 5 parts of sulfur and no softener, whereas the authors’ stock contained 
only 1.5 parts of sulfur and 3 parts of softener Nolle’s stock would be expected 
to have higher modulus and loss factor because of these differences in composi 
tion 

This method of measuring the dynami 
vantages of convenience and good precision, at 
with a low loss factor. Its principal disadvantages 
range and the need for specimens of different 


ties at desired lrequencies It is believed that 


ible for specification testing of rubber vulear 


intended for isolating the sound of machiner 
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MEASURING HARDNESS 


Dead-load hardness testers are of two types: those which actually 
the depth of penetration, usually in hundredths of a millimeter and 


calibration table or curve to convert to hardne SS degrees, and 


lirectly calibrated in hardness de grees 


Wallace RABRM pattern g 


and (right) special 7 


nodifed gauge in 


) actual hardness o 
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0787 


indentor is pressed into the rubber for five seconds under 


minor load and the bezel of the gauge turned so that 


hundredths of a millimeter 
slibrated in BS rt An additional load of 535 grams 
maintained for 30 col ding on the dial after this 
the penetration } will conve! 1raness by 
curve), or the BS ha: ing he le used 
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VERY SOFT RUBBERS 


The method used in these laboratories for the measurement of the hardness 


of very soft rubbers is similar to that described above, except that the additional 
{ 
‘ 


load is reduced from 535 to 70 grams, the minor | of 30 grams being retainec 
A Wallace RABRM pattern gauge has been adapted for this purpose (Fig 
ure 1). The 70-gram weight is made by cutting disks from lead sheeting, and 
should be within 70(+ 0.05) grams for accurats 
Because of the reduced load in use for this method, it is necessary that the 


dial gauge be kept in good mechanical repair and free from dirt; ade quate vibra- 


tion is essential. 


caiculated 

$0hd rubber ci mpounds 
Fluid rubber 

gelat n based 


SCALE READIN 
ia. 2 


The scale is calibrated by the use of a modification 


using appropriate values for load and indentor diameter, 
from 4 to 40 hardness degrees. The hardness readings 
course, be referred to as British Standard Degrees, since the 
load is not covered in a British Standard, but 
degrees are exactly equivalent to BS degrees ab 
extending the range downwards for lower valu 

For a gauge calibrated in hundredths of a1 
inch, the reading may be converted into hardn 
while for a gauge calibrated in BS degrees, th: 


in the latter case it is possible to add a second s o the gaug 
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OXIDATIVE AND NONOXIDATIVE THERMAL 
DEGRADATION OF RUBBER * 


1N AMER 


The mechanical properties of rubber often u 
ng, with deterioration of its elasticity and str 


ing 
is a problem not merely where rubber is used j 


temperature; arguments can be advanced to hat thermal 
may influence to some extent as seemingly rem 1 property as 
The behavior of rubber exposed to heat is strongly influenced 
ence or absences of oxygen W he n an ordinary rubber vulcanizate is heated t 
say, 100° C in the presence of oxygen or air, it undergoes substantial chang: 
in a comparatively short time Yet the effects may be similar in the absences 
oxygen at temperatures 60° to 100° C higher The inference is that 
i given rubber heated in air to 100° C, for instance, may be stabl 
high resistance to oxidation, it may become completely unstable when he 
to 180° C on account of thermal decomposition 
This paper is published to provide fuller deta 
when heated in the presence and absence of ox 
tained from experiments with both unvulcanized 


In compositio 
METHODS OF INVESTIGATION 


The following methods were employed to investigate the thermal 
tion of rubber 

Oxygen free heating Carius tubes filled with rubber 
tant « uation to 0.05 mn 


er The tube ire ther 


ire heated it YO 


20 minutes before the experiment proper, con 
mercury pressure being applied, to exclude oxysg 
three times in succession with nitrogen and are evacuated again, a 
they are sealed, From the results of heating te 

ch left the rubber virtually unchanged (se 


1 that procedure also effectivel 


concluded 

present in the rubber Subsequently, these 

tubes are heated at a given te mperature for a ¢ 
Estimation of o2 igen consun plion \ 

1 in the literature for measuring the an 


xidation of rubber In the one chosen for t} 


determ|) 
diagrammatic 
sisting of 12 n suri lements 


In this instrument, the rubber, sealed 
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kept at constant temperature by m 
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THERMAL DEGRADATION OF RUBBER 


The rates of oxidation of rubber are recorded in milliliters of oxygen 


and 76 cm.) per gram of rubber per hour 


DEGRADATION OF UNVULCANIZED NATURAL RI 


The clearest evidence of the effect of degr 
unvulcanized natural rubber is provided by the 
molecular we ight of the rubber molecules 


slightly premasticated natural rubber (thin pa 
| } 


in vacuo or in the oxidation apparatus describ 
the oxidation measurements was kept below 100 mg 


be as homogeneous as possibl 


After the rubber had been heated at the pres 


dissolved in benzene or chloroform and its ir 


intrinsic viscosity is defined as follows 


where 7 viscosity of the solution, 7 

centration in grams per 100 ml. of solution 
Watson‘ has shown that the intrinsic 

weight, M,, of the rubber according to the equat 

it a’ first approximation, [7] is proportional ts 


} 
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ve to oxidation It looks as if the reaction mechanism of the 

rubber in this autocatalytic range has become different from what it 

was previousl In this range of rapid oxidation, the rubber apparently comb- 

with a large amount of oxygen without chain scission Possibly the latter 
ipensated for by cross-linking reactions 

ion between absorption of oxygen and rate of oxidation or intrinsi 

ilso estimated in crepe of low protein content. Since this rubber 

ily than ordinary raw rubber, the experiments were per- 

of 110° © The behavior of this type of rubber, as 

differs little from that of ordinary rubber, as shown in 


ABLE | 


Rare oF OXIDATION Vanious Types or RuBBER 


0 0006 0.003 0.005 


0 O02 0.004 0.02 
OOS 0.20 0.16 
O008 0.024 0.03 
0.00 0.44 0.60 

gel tractior 

gO! Tractio! 

gel fraction 

scetorme 


«tracted 


0.006 
0.05 
0.007 
0.035 
0.00 


reduction of molecular weight is 


oxidation As soon as the rate of 
idation reaches the lytic the molecular weight becomes far 


isceptibl to the influ | xyven absorption 


Both Figure 3 and Figure 4 make it plain that it is impossible to express the 
rate of oxidation of a rubber ex ly by asingle number; at a given moment, the 
rate of oxidation depends in very large measure on the quantity of oxygen pre vi- 
ously absorbed, or, to put it differently, on the antecedent time of oxidation 
Actually, a complete oxygen absorption-tin irve would always be needed for 
the pres ntation of a satisfactory oxidation characteristic Since this is often 
cumbersome, especially when long series of measurements are involved, a single 

ilue is given in the ensuing pages for the rate of oxidation, representing either 
the mean rate of oxidation in the autocatalytic range, or the mean rate of oxida- 
tion within an indicated range of oxidation time 
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INFLUENCES AFFECTING OXIDIZABILITY OF RUBBER 


Different kinds of rubber, whether vulcanized or not, often differ consider 


ably in their reactivity with oxygen. Ultimately, the reactivity of vulcanized 
rubber is governed by various factors, such as the type of rubber, the presence 
of antioxidants, vulcanization accelerators, fillers and, finally, the vulcanization 
reaction itself, 

Types of rubber.—As Table I shows, different types of rubber differ con 
spicuously in their readiness to oxidize. Generally speaking, raw natural rub 
bers have very little tendency to oxidize. There can be little doubt that this 
resistance to oxidation is due to the presence of natural antioxidants, a fact 
which may be inferred from the very much greater oxidizability of crepe of low 
protein content and, more especially, of crepe extracted with acetone. Strangely 
enough, acetone extraction has comparatively little effect on the oxidizability 
of smoked sheet rubbe: 


TaBLe I] 


INFLUENCE OF VULCANIZATION ACCELERATORS ON Rate OF 
OXIDATION OF NaTURAL Rusper (CREPE) 


Without additive 0.002 0.002 
1% diphenylguanidine 0.032 
1% mercaptobenzothiazole 0.07 
1% benzothiazoly! disulfide 0.004 
1% eyclohexy|-2-benzothiazole 
sulfenamide 0.003 
1%, diphenylguanidine 
ZnO 0.09 0.2 
1% mercaptobenzothiazole 
3% ZnO 0.004 0.004 0.0% 0.06 


For purposes ol comparison Table I also iv ides BOMeE | irticulars re lating 
to synthetic rubbers. GR-S, Neoprene, and Perbunan are all more oxidizabl 
than raw natural rubber, contrary ro data published in the literature’ sutyl 
rubber, indubitably, as the result of its saturated character, is particularly re 
sistant to oxidation 

The rates of oxidation of the sol and gel rubber fractions of crepe and 
smoked sheet isolated from a benzene solution are likewise listed in Table | 
from which it appears that sol crepe and gel sheet are comparatively slow to 
oxidize, whereas gel crepe and sol sheet oxidize very readily This fact, in con 


junction with the result of the effect of acetone extraction on sheet and crepe 


implies that the natural antioxidants contained in smoked sheet are not soluble 
in acetone or benzene, whereas those in crepe ar 

Fillers.—It is known from previous investigations that addition of carbon 
black of small particle size—in particular, channel black—leads to increased 
oxidizability of the rubber 

V ulcanization accelerators.—Table II clear hows that the addition of cer 
tain vulcanization accelerators to rubber increases the rate of oxidation enor 
mously, diphenylguanidine and mercaptobenzothiazole being particularly 
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That mercaptobenzothiazole does not adv 
rubber vulcanizates to oxidation might be 
ceases to promote oxidation as s00N as zine 

Unlike mercaptobenzothiazole, diphen 
oxidizing effect by the addition of zine oxide 
guanidine vulcanizates to aging is perfectly 

V ule anization Although sOtTne informa 
influence of vulcanization and the associa 


oxidation rate of rubber’, this influence w i i studied, using the author's 
(SS 1) 100 parts 


technique, on the following vulcanizates: (1) natural rubber (R} 
sulfur 40 parts, diphenylguanidine | part, vulcanized for 5 to 1SO minutes at 
142° C, and (2) natural rubber (RSS 1) 100 parts, sulfur 1 to 30 parts, dipheny! 


ruanidine | part, vulcanized for 120 minutes at 147° ¢ 


- 


TABLE II] 


COMPOSITION OF RUBBER 


Mix number Al 
{ubber (RSS | 100 
GR-S cold rubber 
Zine oxide 
Stearic acid 
Sulfur 
Santocure (cyclot 1-2-DenZo- 
thiazole 
letramethylthiuram disulfide 
Pheny|]-2-naphthylamine 
(Carbon bDlach 
Vulean 3 (HAF black) 
‘Time of vulcanization (miu 
i ( 


‘Temperature of vulcanization 
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Whereas, at yth remains virtually stable for weeks 
in a few hours If heating 
to 150 ( 


i had decreased so substanti- 
ally in the first few rs, remains more or | ley The 


on end, at 150 


vulcanized rubber 
apparently i I as8uy broken down 
(Oncee that has! ppt ned, the rubber less stable than raw rubber 


At 200 he tensile strength de« reaching e) ly low 


mn at break ine y iat at first, which points to a 
nization kKvidently, direct chain scission, which also takes 
begins to exert a significant influence on the course of 
perature 

a pertinent question 1s the behavior 
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A striking feature 
is the temperature function of the rate of oxidation and the decline in tensile 
strength. Figure 13 confirms the fact established by Kemp, Ingmanson, and 
Mueller’, that raising the temperature of oxidation has two effects: marked 
acceleration of oxidation and a greatly accelerat cline of tensile strength 
after absorption of the same amount, e.g., 1 per cen foxygen. Whereas 1 per 
cent of oxygen can be absorbed at SO° C without undue damage, at 100° C it 


sorption of oxygen causes a steep drop of tensile strength 


has a disastrous effect 
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Plotting the rates of oxidation given in Figure 13 logarithmically against 
1/7, the energy of activation for the oxidation rate can be shown by calculation 


to be 24.7 keal. per mole for the pure gum compound and 18 keal. per mole for 


carbon black « ipound whicl n the latter case, is slightly lower than the 


wrded by Shelton, Wherle and ) f e result of their measure- 


in both eases 25.0 kcal 


There woul 
Figures ll an 
different effect f1 
ated aging at 70 aging 
at room temperature Tl LO r et pera ‘ irger 1 percentage 
of oxygen that can be 

Figure 14 shows 
tensile strength 
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DEGRADATION OF TETRAMETHYLTHIURAM 
DISULFIDE VULCANIZATES 

Tetramethylthiuram disulfide is ab] ») vuleanize natural without 

the addition of free sulfur The 1 iting vulcanizates contain only the small 


smount of combir sulfur derived from the tetramethylthiuram disulfide itself 


One of ti outstanding properties of these tetramethyvithiuram disulfide 


Vulcanizates is their great heat resistance" Linking of sulfur with rubber par- 


elerates oxi 10 Th ybvious inference is, therefore that the 
sistance of vulcaniza is due to low rate of reaction with 
w content of combined sulfur That 


the results of heating experiments 
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ide vulcanizate reputedly heat-resistant are reproduced in Figure 16. 
differences as can be detected compared with the behavior of the normal 


black vuls 


ilfide vulcanizate 
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ir 
thiuram dis 


deteriorates tar 


Predominantly 


more rapidly than does that « 


anizate in Figure & are not in favor of the tetramethyl- 
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The conclusion is that, in the absence of oxygen, it is inadvisable to use tetra- 
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f 


| 
e longation 
*/le 


Tensile strength 
hoy cm 


Hordneys 
ShoreA 


E'ongotion 





A4 


eT 
jen 


Vulcanizates :s, in fact 


results shown in Figures 
n Figures 11 and 12 


from its ve 
lor satisiactory properties 


onspicuous ! 


the 


when thermal stability is required 


Rate of ovidation 
100°C, O06 mife/h 
129°C:032 ws 
140°C:055 


130°C 
100°C 
100°C 


- 
120°C 





100°C 
—_ 
120°C 


7 2 ~~ + 


6 20 24 


O, uptake “le by weignt 


‘ gation at break, and 
with tetramethylthiuran 


That the heat resistance of natural rubber-tetramethy]- 


result of resistance to oxidation is 


7 and 18, which should be compared 


| 
i 


slow rate of oxidation, the pure gum compound is not 


But the natural rubber-carbon black 


' 
inized with tetramethylthiuram disulfide combines outstanding 


mpound vul 


resistance to oxidation with good mechanical properties 


For example, after 





THERMAL DEGRADATION OF RUBBER 


Elongotion oe 
ten t 
Tensie strength, Elengotion 
kg/em* 


600 


100+ 100} 


200° 
250°C 
° 60 “ 14 
manutes days 
Time of heating 
Fie. 19 Influence of oxygen-free heating on tens 1 and elongation at bre 
GR-8 cold rubber-HAF black v " AS 


the absorption of 1 per cent of oxygen at 100 


C, the decline in tensile streng 
is only 16 per cent as against 69 per cent in the case of the s 
compound, Moreover, the rate of oxidation of the former is only 27 | 
of that of the latter 


2é/ per cent 


rth 
1 < . 
imiliar Santocure 


Hordness 


Shorea 


Sweeting 
in Denztene 
"le by wargnt 


300°¢ 


HMordnew 


f 


300} 


rrura tes 
Tine of heoting 


{ oxygen-fr 


ee heat 
iR-8 cold r 


ibber-HAF blac 





RUBBER CHEMISTRY AND TECHNOLOGY 


This provides another illustration of the fact that not only is a slow rate of 
} 

oxidation intrinsically beneficial, but, in addition, it causes a form ol rubber- 
ygen linkage which is less detrimental to the tensile strength 


The hardn 
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of the carbon black compound increases slightly on oxidation 


in the range of 80° to 120° C, contrary to that of the othe rubber compound, 
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Whereas Figures 8 and 9) the le strength of natural rubber steadily 
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nat break The difference between the two rubbers 
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rubber. The latter also accounts for the greatly reduced swelling capacity of 
the GR-S after he ating, 

Heating in oxygen Figure 21 represents the behavior during oxidation of 
a GR-S cold rubber vulcanizate filled with HAF black. Comparing this figure 
with Figure 12, it will be seen that for the same amoun bsorbed oxygen the 
tensile strength of the GR-S cold rubber compound has dee: d far less than 


in the analogous case for natural rubber Oxidatio also slower The 
oxidation of GR-S cold rubber, however, involves ippreciable loss of elongation 


at break and increased hardening; so apparent! leal of cross-linking 


takes pla e 


DISCUSSION AND CONCLUSIONS 


The evidence shows that the changes in properties which take | ‘ 


rubber is heated may be both purely thermal and oxidative The iting of 


unvulcanized natural rubber, in either the presen ibsence 


depresses the intrinsic viscosity. One of the ¢ ng in vuleanized rubber | 


Ai 


re’ 
yen 


| 


loss of tensile strength The presence of oxygen 18 n ( vie principally in the 


piace At tem] i 
tures as low as SO° to 140° C, the oxidative degradation reaches a rate 


iccelerated rates of reaction with which these changes tak« 


tion of the same order as that of the purely thermal degradation in the 


of oxygen at temperatures higher by 60° to 100° ¢ 
A characteristic difference between the beha 
GR-S is that thermal breakdown reactions pre 
under purely thermal and oxidative conditions 
cross-linking reactions take place in GR-S 
A heat-resistant vulcanized rubber should | 
In this respect GR-S compares favorably witl latural rubber 
natural rubber vulcanized with tetramethylthiuram disulfide affords 


satisfactory results can also be obtained with natural rubber 


It is not only the quantity of oxygen which is responsible for the deteriora 


tion of the material's properties, but also the rate of oxidation Higher rates of 
oxidation are associated with greater loss of strength after the al orption of 4 


certain quantity of oxygen. This fact is clearly established by the behavior 


atvi 
of the rubber in response to the temperature; from this and from older investi 
gations'® it is to be seen that both the deterioration in strength for 


sorption of oxygen and the rate of oxidation wu ease with increas) 


ture 
The satisfacto it resistance of natura 
sulfide-black \ can i is compatible 
is not onl 
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rates at various tem pt ratures before the ‘oxidation behavior’’ of rubber could 


egitimately be extrapolated to room temperature, 


THERMAL STABILITY AND WEAR 


The resistance to abrasion of GR-S cold rubber tire treads at ambient tem- 


yroximately 13° C is known to be better than that of natural 


peratures above ap] 

ibber This is difficult to « plain on the ground of pure mee hanics If the 
mechanical properties of natural rubber are compared with those ol GR-S, the) 
ire found to be either on a par or in some re spects better for natural rubber: 


For instance, the tear strength of a natural-rubber tread compound is three 
times that of a GR-S tread compound 

To explain the different wear behavior of the two types of rubber, it is prob 
ib! necessary to take into consideration not only the mechanical physical 
properties, but also the chemical properties of the rubber 

It is very easy to establish that, under certain conditions, temperature of a 


running motor-car tire may rise to 60° to 100° C, mainly on account of hystere 


sis energy losses A considerably higher rise in temperature, e.g., up to 200 
to 300° C, could, however, occur on a molecular scale at critical hot spots of th 
tire surface, owing to heat of friction generated during cornering or braking. 
Since this heat quickly dissipates in the bulk of the rubber of the tire, the tem 
peratures mentioned can be present for only a very short time, depending on the 
heat conductivity of the rubber. This heat may, nevertheless, conceivably 
influence abrasion to a considerable extent 

From this investigation it appears that natural rubber is thermally decom- 
posed at temperatures ol tbout 200” ¢ with softening and almost complete 
logs of strength as the result The presence of oxygen substantially accelerates 
this decline of strength, which then becomes apparent at far lower temperatures 
In any case, even temperatures of about 100° C will weaken the rubber in the 


long run on account of oxidative degradation 

Obvious! loss of strength of the rubber tends to accelerate abrasion The 
better tread wear resistance of GR-S cold rubber under certain conditions (ambi 
ent temperature above 13° C) compared to natural rubber might very well be 
explained by its greater resistance to heat As this investigation has shown 
a natural-rubber vulcanizate softens on heating at between 150° and 200° C 
whereas GR-S cold rubber hardens, while partly retaining its strength 


For all that, even if we admit that wear is to some extent subject to chemical 


influence the mechanical properties of rubber are primary. This can be 
der nstrated ft i nparison ol, Ba (R-S cold rubber with standard (hot 
GR-S soth rubbers have approximately the same thermal resistance, but the 
mechanical properties and the corresponding wear resistance of standard GR-S 


are inferior to those of GR-S cold rubber 
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THE VISCOSITY AND STRUCTURE VISCOSITY OF 
RUBBER SOLUTIONS AND EMULSIONS * 


SCHURZ T 


It is well known that the increase of viscosity of a colloidal solution over that 
of the pure solvent is produced by the frictional resistance to flow of the dis- 
persed particles. The amount of this viscosity increase depends to a great 
extent on the the particles. If these are spheres, only the ratio of the 
volume of the solute to the solvent is involved (Einstein’s law), while in the 
other extreme case, namely with fiber mole the particle size plays such an 
important role, as is known, that one can calculate the particle we ight of the dis 
persed phase from the viscosity (Staudinger’s law, Mark-Houwink equation 


Sut not only is the viscosity of a colloidal solution influenced by the particle 


form, but also its structural viscosity depends on it to a great degree It is 
d 


easy to understand this. For if the structure viscosity and, consequently, the 
decrease of viscosity with increasing velocity gradient, result from the fact that 
drodynamic forces in the flowing solution, on the one hand, orient and 
rsed particles in the moving stream, and, o1 i¢ other hand, 
pose al ventual intermolecular mutual effect or aggreg formation of the 
particles it is isil seen that the flow forces will be able to manifest these 
effects all the more readily and markedly the more extended and the stiffer the 
dispersed particles are Thus it can be expected that, in general, in spherical 
particle suspensions no structural viscosity will appear, but that this will mani 
fest itself the more strongly the more asymmetric the particles 

With rubber it is easily possible to realize two extremely different dispersion 
tubber emulsions, as they exist in the various latex re typical 

definite spherical suspensions, with rather large particles of ver 
on the other hand, say in toluene or benzene, there a 
stribution The dispersed particles ar¢ the individual kinky 
of the rubber, which are known to have a more or less elongated 
of rubber dispersions be have so differently that 


ypical representative of its class 


EXPERIMENTAL 


was available as 160 per cent emulsion Its flow curve 
mstaetter structural viscometer Ther after dilution 
sities at low concentration were measi 1 in the 
ler to detern the limiting viscosi n | \ 
he latex showed extremely uniformly large round 
about 0.05 m1 Next the natural rubber was 


addition of anol, carelully 








VISCOSITY OF SOLUTIONS AND 


in benzene or toluene Then the flow curves wer 
ter structural viscometer, and, in addition, the 
and in benzene were determined. The Hagen! 
measurements in the Ubbelodhe was calculat 
This was neglected for the structure viscosity 
insignificant with the chosen apparatus dime: 
measurement was always 20° © The concentrat 
are in g. per 100 ml 
RESULTS AND DISCUSSION 
NATURAL LATEX (SPHERICAL 81 
It has already been shown by Staudinger® th 
equation holds 
9— Me ag, 
Ney ee 
No 
where 7 viscosity of the solution 
No viscosity of the solvent 
Ns specific viscosity. 
o concentration by volume 
If one converts this relation @ (ml./ml.) to « 
100p@, where p is the density of the solute 
— p = 0.025 
f 
The expression : p 18 therefore i constant 
Ns 
the concentration. Since, however for >0 
limiting value of the viscosity [7], the furth 
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AND TECHNOLOGY 
ows that the prod of the limiting viscosity value and the 

the concentration Now 
ised essentially 


onstant 


on the premis¢ 
e system are dis ed in such a 


i AISSULY 
Kistence eighboring particle exerts 


no in- 
liquid sur: ach individual particle, it 
theoretical val of 0.025 for will hold also 
Nevertheles zs 0 0 to lower 


LS 


1O 


oncentrations it 

» zero concentration it should be 

| is, in fact, the case Iixtrapolation 

1 giv This times the density of rubber p 

0.914 gives 1 exe it agreement with the value calculated by 
Kinstein 
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pensions of exactly spherical partic 
narkable that in 


I ther 


BBER IN MOLECI 
FIBER MOLECUI 

Solutions of rubb« n toluene « 
solution 


trations, to extrapolate to the 
Since the flow gradient 


f xtrapolation to D 


yr benzene a il represe! ive f fiber 
It is thus possible, from SUI 


if 


molecules in 


men concen 
limiting viscosit i higure S| 
in the viscometers usec is al 3 | n 500 se 
>0 was aimed at Th mi 





{4.0 in benzene | 


rom thi 
ulate the first nm 


mutual effect 


This gives h 0.17 for toluene and / O.19f 


toluene must be considered the better solvent 
respond to the M urtil 
equation by multipl 


f \ . rom the 
ilar weight is calcul ’ 


obtains t 


equation 


in | K M* 
For toluene 
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find 
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loeit 
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100 dynes 
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\ vior of 

ve in Figure more plotted the 
The emulsion gives a horizontal 

it of the solution drops sharply 
seen from this representa 


solution have about 


t} ame viscosity a lution, the material dis 


tributed among the 8] centration 35 times as high. 


REPRESENTATION AND INTERPRETATION OF BIT RE VISCOSITY ACCORDING 


rO UMSTAETTER 


iss the flos ha f rubber from the standpoint of 

the Umstaetter str e mechani 
Hitherto the problem the n structure viscosity has been 
attacked f: 0 essentially different direction On the one con- 


sidered t! imaiy molecules and sought tk iculats ieir Hhydrodynamk 





VISCOSITY OF SOLUTIONS AND EMULSIONS OF RUBBER 885 


behavior as a function of the flow forces and also of the moles ular configuration 
and characteristics and then to integrate over the whol ystem This is the 
molecular method of consideration. On the other d, one treated the solu 
tion as a continuous phase and sought to calcula he | yw of this cor 

tinuous phase according to the classic hydrodynamical methods. This is the 
continuous method of consideration In his structure mechanics, Umstaetter 
has now attempted to combine both methods e calcul with the custom 
ary methods of continuum mechanics but, at the same time, makes the additional 
assumption that the substrate has a structure, and therefore is not to be divided 
into arbitrarily small differentials, but only into very small but nevertheless 
finite differences As soon as the dimensions of the dissolved 


lved, one car longer calculate with differential quotients (deri 


but only with difference quotients. The magnitude of these ‘diffe: 


extremal values according to I mstaetter) of the dim ons of the 
gives us the outer measure of the particles preser ind therefore the m 
weight or the molecular weight Without going r into the mathema 
nevertheless be mentioned tha mstaetter concel 
resonance curve His argum 
change theory” (Platzwecl 
the velocity gradient a 
iber of particles wl 


this position chat re 


atta 
flection of the 


0 18 given &s 


culation is, to be 

ture function 

the author’s own ! 
solution D turns out to be 


greater the molecular 
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ilar weight determinations by this method have been 
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feature of this representation 1s that the ratio of np t n, 18 chosen as a unit ¢ 
the measure employed, in order to become independent of the characterist 


of the dissolved molecules which are involved in my) and n, (concentration, m 


‘ 


ular weight The adjustment of no and 7, corresponds to the choi 
appropriate scale of measurement. Thus we are inclined in this sense 
on the Umstaetter representation as an empirical one, in spite of th 
it was based by its originator on theoretical considerations. Never 
even if it contains only what is expected of it in the practical sense, that 
actually makes it possible to represent the flow cu: 
straight line, then certainly, for this reason alone 
advance in rheology 

The critical velocity gradient D (at 50 per cent) for our rubber occurs 
1.5 &* 10% sec'. This same value is found as the points of inflection of the 
two flow curves in Figure 2. Thus to our molecular weight of $30,000 corr 
sponds a PD value of 1.5 X 104. Unfortunately there are only very few su 
pairs of values available in the literature sesides our Own measurements, we 
were able to find data only by Philippoff and by Umstaetter. These three 


values are given in Table 1 As one can see, D decreases with increasing 
| 


} ; 


which is certainly a measure of the molecular weight 


TABLE 1 


4 ; 10 
5 1 


1) 103 


According to a more recent publication delmann®, the straight lines 
obtained by the Umstaetter method are no longer influenced by the molecular 


weight of the sample It is natural, therefor Oo emplo 


} 


its steepness or a 


magnitude proportional to it as a measure of the lack of uniformity (polyn 
ularity) of the sample. It would be both fascinating and simple to explore this 
question experimentally 

In conclusion, let us say a few more words about the influence of the non 


uniformity on the flow curves. It is known that it has as yet not been pos 
to formulate a universal flow law for solutions of high polymer substar 
is, a formula which gives the experimentally obtained flow curves unambiguous 


i 


and without additional assumptions. This need not surprise us, sinc 
we never have the possibility of measuring hom | 
substances It might nevertheless turn ou 

cording to the particular non-uniformity 

from the ides »w curve, namely, that of a 

single siz If we knew the ideal flow curvy 

be a direct measure of the non-uniformity 

collecting illustrative examples of the flow « 

could be done by means of measurements of 

substances prepared by special procedures i: 


I 
f 


polymolecularity, or of model substances 
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SLIPPING OF MOLECULES DURING THE 
DEFORMATION OF REINFORCED 
RUBBER * 


HouwINK 


Derr, N 


RUBBER-FILLER BONDS 


There is much evidence now that a great many bonds of different energy 
content are present in rubbers reinforced by fillers. Presumably there are pri- 
mary (chemical) bonds of at least two different types: (a) those formed by 

fur vulcanization! between the rubber molecules and the carbon black sur- 

b) those formed in the reaction? between free radicals in the rubber mole- 
iles and the reinforcing fillers 

Moreo } upposed to l com adsorption bonds, which 

high order strength of primary 

by adsorption experiments that 

mole ¢ nvolved in physical adsorption, but there 

at these values can be substantially larger due to steri 


3 on the surface of the crystalline lattices, which lattices are present® 


xtent of about 70-90 per cent in carbon black 


BONDS DURING DEFORMATION 
It i well own fact® that, after prestretching a piece of reinforced rubber, 
the stres ! curve differs from that obtained on the first extension This 
called the Mullins effeet The curve approaches that of a pure-gum stock 


is the number of prestretches increases 


TI Mullins effect is usually attributed to a breaking of bon 
| 


s between 


i 
rubber at An analysis*, based on this bond rupture theory, for natural 
rubber reinforced carbon black is illustrated in Figure 1 It is obvious that 


the weak seco! bonds especially are broken during small extensions 


RESTORATION OF BONDS 


on which does not fit this theory very well, namely, 
oration of these broken bonds on resting Figure 2 


Mullins’, which show that, even at a temperature of 


like 100 hours for complete recovery, which we inter- 


il bonds These are neither in accord 
rocarbons and black as measured by Smith 


a f 


with the fact th bon 4 is formed readily at room tempera- 
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SLIPPING OF MOLECULES AND SPONTANEOUS 
RESTORATION OF BONDS 


It seems possible to explain these observations by assuming that not only 
slipping of molecules over the surface of the filler takes place during deforma 
tion, but that, immedi ly afterwards, new bonds are formed of a nature 
similar to the 
of bonds is in accord with the general nature of 
cal bonds, and th nly change occurring on stretching would be that the 
ew bonds are at places on the rubber molecules different from the previous 
OnCs. 
Figure 3 illustrates this slipping mechanism 
Figure 3 
over the distance B’C’ If the attachment to the filler at 
ondary bonds only, rupture of these bonds will o 


i shows a coiled molecule at rest of whic part BC is too short to 
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Hence the 


‘ at the « 


, of the molecule will 
the parts AB and C 
le will coil 


become 
D 

ivaln but there is ho 
té 


ol 
the moe 
uld occur in the oppos 


disappears from the very 


direction because 
moment of release of stress 
test 


piece for a second time over the same distance, no 


aust B 
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‘ will take place be C” already has the exact 


second stretch will now be 
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temperature will result in a tendency to restore the original 
and this is considered to br the factor controlling 
There is a tendency to 


An increase 1n 
state of maximum entropy 
the restoration after the Mullins effect 
original bonds, that is, to restore a state of equilibrium 
In the previous discussion the existence of primary fille: 
| | h bonds exist. their strength determines whether they will 


neglected if 


restore the 
rubber bonds was 


FI 


Water and other Bonds by free radical mechanism 
volatiles 
rubber 
crystallites 





graphite 
crystallites 


break during lef 
contribution to the M 
bonding can occur onl ical reaction 
permanent contribution Mullins eff 
If no breaking at all of the primar bond 
contribution to the Mullins’ effect In fact 
leformation, the moduli of loads 


that, after pred 
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According to thi 
ber molecules over 


This model represents 


volume of EPC black (Spheron-9, particle diameter 300 A 
rubber chain 9000 isoprene units (total length, 45,000 A 


represents one 
This is only | per cent of the amount of rubber wl sh present 
The small knots on th ire indicate where this in may be imagined to be 


linked by sulfur bonds to the other chains 
SUMMARY 


gy the deformatior 
cules slide along the surface of the filling mat 
bonds However, new bonds of similar ty; 
breaking of bonds 

It is assumed that, in the quiescent state { 
bonds are eventually restored (disappearance of t 
crease of the entropy is supposed to be the effecti 

A model of reinforced ru r is shown in Figure 


REFERENCES 





THE LIMITING VALUE OF DITHIOCARBAMATE 
FORMATION DURING THE VULCANIZATION OF 


NATURAL RUBBER WITH THIURAM 
DISULFIDES * 


WALTER SCHEELE AND Orto LORENZ 


iii 


OUBCHULE, Ha 


PERMINATION OF ZINC DITHIOCARBAMATE 
have d a the Zine dithioca 
inization of natural rubber. Our procedure involves 
ns with hydrochloric acid of aqueous acetone solutions 
extraction 


rbamat whi h is 


ire Obtained by In the course of necessary 
we have shown that this type of titration of the dithio- 
) feasible in the presence of tetraalkylthiuram disulfide 
However, we have asked ourselves whether only the zine dithiocarbamate 
med during vulcanization is determined unaffected by fortuitously present 
in the acetone-extracted pale crepe. Therefore we 


irbamate 18 alse 


have set up a 
determined the zine dithiocarbamate 
two methods 
uctometric method, In the othe 
potentiometri 


xperiments in which we have 


ilcanizate extracts by In one procedure 
we measured the zine 
titration with standard alkali 

nined unaffected by impurities, then the 
ordant results 


It should be « 


we used 
salt content 
If only the dithiocarbamate 
two methods should yield 
mphasized that agreement 
inizate The electrometri 

icanizates ce 


is always found for fully 
titration of the zine in extracts of 

ntaining unreacted thiuramdisulfide 
gh values for the zine dithiocarbamate, | 


bike in 


cured vul- 
undercured 
however, tends to give too 

cause the thiuram disulfide, which 
may cause a somewnat high consumption ol alkali 
instellung der Potential 
netric titrate 


vards bases* 


necury f zinc with stand 
nizates istic in mil, is 


the ordinats 
are horizontally transposed ; 
the abscissa the amount 


zinc as hydroxide between the 


if e ol the potentiometri and con- 


( iuUsIOn if Z I} acidometric 
extracts rom i the dithio- 
juantitatively 
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of the extracts colorless crystals (needles) preci After 
crystallization, they show the melting point of t! 

mate n order to be sure, we convinced ourse 

on addition of an aqueous solution of copper 

vuleanizates immedi el give a brown-red 


mate, or a solution with such a color in the 


miscible with water 


voltmeters 


Ausschiag des Mil! 


tern? NaOH 
0,0955n 











zu 


carbamate in vulk 


onductometric 


EXTRACTION OF THIURAM VULCANIZATES AND THE LIMITING VALUI 
OF DITHIOCARBAMATE FORMATION 


In the first communication of this series* we pointed out that tetraalk 
thiuram disulfides slowly decompose in boiling organic solvents; and according 


to newer researches in our institute, if zine oxide is | en orresponding 


zine dithiocarbamate may be formed. If no zine oxide is present, the respective 


dialk vlamines are liberated The adecompositi Ol rie niuram disulfides 
| 


depends on the type of solvent and proceeds at different rates; it a higher 


rate in acetone than in cyclohexane; and among tl) ree Ithiuras 


disulfides which we investigated, the decomp. n of the tetrame Ithiurar 


disulfide proceeds las than that of the twe 
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whether 
ibsequent ¢ 
licanizatl 
is practically come to a stop 
Wi WwW Ay emonstrated that 
Wa) rin ily independent of 
of the tetraalkylthiuram disulfide to 66 me 
o matter whether 1 Vulcanizates 
icetate at 
icarbamate 1s inde 
extraction method 
mpletely cured (see | 
Chis is what we alw 1 obtaining 
study of the kinetics of ul Vulcanizaty 
H. W. Zijp« 
ites with be 
consideratio I wu is clear that in 
imount of zine « locarbam especial 
If he concludes that zu ithiocarbamate 1s! 
he is doubtless in erre ! it is well establi 
boiling solvents, vulcanization and, theref« 
takes place It is thus uncertain whether 
during the mixing operation Nevertheles 
dithiocarbam n be formed during mixing 
temperature and on the time required to mix 
really in no position to conclude from his ress 
ction takes place during mixing. 
such considerations, as will be 
formed during mixing, at 
kes into account what ha 


ed in Figure 2, it is ob 


ation, it 18 quite immats 


mee GQuring mixing ind 


tion was with boiling 
m temperature in the 
other words, if a slight 
ing value of dithiocarbar 
reflect its influence on the 
is not the cas 
retion and, ¢1 
mn takes place, namel 
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KI h 
ition, because hot ext 
it question of no imy 
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STUDIES OF THE VULCANIZATION OF ELASTIC HIGH 
POLYMERS. VI. THE VULCANIZATION OF NATURAL 
RUBBER WITH BENZOYL PEROXIDE. 

PART 1 * 


Orro LORENZ AND WALTER SCHEELI 


7 


INTRODUCTION AND STATEMENT OF THE PROBLEM 


In the latest communication of this series’ we pointed out in parti ular that 
the results of our previous investigations of the vulcanization of natural rubber 
by thiuram disulfides could not be brought into agreement with the prevailing 
view, according to which vulcanization is fina brought about by sulfur 
Without being ready at this point to reject completely our earlier inte rpretation 
we are rather inclined to discuss a reaction with tl rubber of free radies 

N—C(S is An interaction of these free rad 
with both the double bonds and the a-methylen¢ 
discussed on the basis of our experimental finding 
vulcanization brings about a linking of the pol 

For this reason we are interested also in the 
natural rubber by peroxides, especially by bes | peroxi 
quently employed as a chain starter in polyme: on kinetics 
whose type of reaction with compounds contair ng double bond 
On this basis it can only be assumed that it ere links rubber b 

The vulcanization of natural rubber by peroxi has been 
considerable study, but less, to be sure, with resp 0 its kinetics 
the aim of learning the physical-technical prope ( I peroxide 
and the characteristic features of this vulcanization rection 
some effort has been made to gain a deeper ins 
by studying the interaction of peroxides with 
| 


hexene, and b olating and ide ntifving the resul 


Now it should be pointed out at the outset 


peroxide will hardly find any practical applic 


izates are obtained only when one works wit} 
This is the opposite of thiuram vulecanizatior 
thiuram disulfide to the mix produce high-q 
such a difference in the effectiveness of these tw 
a comparison of the kinetics of their reaction v 
worthwhile This is because although they ¢ 
to the physi il properties of the vuleanizates 
ber in a fundamentally identical manne1 
ported by the fact that di-tertiary-buty] pero» 
we have not yet been able to study, produces 


though its interaction with rubber will certair 
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and the decrease of the monomer (allyl acetats The experiments lead to the 
a chain breaking by the monomer: rhe following reactions ar¢ 


assumption of 
Bartlett in detail 


discussed ry 
C.H,COO—OOCC,.H, > 2C,H,COO* 


F'ree-radica] formation 


C,H ,COO* + CHe=CH—CH,OCOR 
(Chain start 
C.H,COO CH,OCOR 


t* + n Monomers 
Chain growth 


C,.H,COO* H—CH,OCOR 


Chain start b 
HOcCOR 


ny! free radicals 
j ( 


C,.H,COO* + CHs=CH—CHOCOR 


Attack on the a-methylene group 


C.H,COOH 


R*, + CHz=CH—CH,OCOR 
Degradative chain transfer 
R.H + CH.—CH—CH~—-OCOR 


resonance stabilized radical 


a” rT 
combination of the resonance stabilized radicals 


tach themselves to the double 


h att 


formed in 


radicals 
iomer and f a substituted 


The benzo 
Lie yf monomer (4 


bonds of the 
that gives rise S) in the 
chain growth 

course of this rea | 
produced during the poylmerization 
is not onl i cha starter, but is also 
‘allyl acetate (10 This produces benz 
al hich not « ipable ol starting a ec! 


It is of importance that | 


raction of the chain radi 
that 


own ty 


possible 
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degradativ 


W hile it 18 


' 
cross-links pre 


as in trans 


the ecustomar' ] iation of the amount 
ment of the « i f concentration of tl 
0 f verthe 


ordinary pol e! 


tion ol the ber Z01i 
f allyl acetate 


the polymerization of ally 
The present | reports the results obt 
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TABLE 1 


ConpuCTOMETRIC TITRATION OF Benzorc Acti 
with NaOH ar 45° ¢ 
Wt Caled. ex | 


benz acid 0.1N NaOH 


6.1 0.50 
0.05 millimole 


9.15 
0.075 millimole 


199 
| 


0.1 millimole 


is 


i) 
Av. 0.092 


amount of extract, diluted with water, if neces 


treated with 2—4 cc., depending on the estimated 


0.05 normal solution of arsenious oxide and about 1001 
ite It was brought to boiling 


ng. of sodium bicarbo 
and care was taken to « Vaporate out the 
on After this operation the solution was neut 


] ilized with | normal 
acid in order to destroy the 


sodium carbonate Phen sodium bir 
vain added and final] 


the solution was titrated bach 
; 


of iodine in potasium iodide to determine the « 
indicator 


TABLE 2 

CONDUCTOMETRIC TITRATION O1 
* 

with NaOH a1 

( ' 

VY NaOH 


6.06 0.50 
0.025 millumole 


12.11 
0.05 millimole 
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idirectiy, and 

is known that 

rically with 

c1as In 

need our- 

ith sodium 

higher temperature, e.g 
measurable velocity, so it is 
for the galvanometer to reach a 


the precision of this me thod 


TABLE 3 


TITRATION OF A Mixture or Benzorc Acip 
iZoyL Peroxipe (BP) wirn NaOH ar 45° ¢ 


to titrate 

or the reaction of the per 

lower temperatures, to avoid 
uncertain For this reason 
conductometric titration wit! 
etween this sum and the result of 
benzoic acid content of the vul 


te ] | I ft mn peroxid 


PHEIR DISCUSSION 


peroxide takes place much 
efore, to work in 


peratures 110 





VULCANIZATION BY BENZOYL PEROXIDE 


ie results of the quantitati 
tained at each « n temperatures 
table is superflu: nd is omitted 
We first show 
me at the five 
eeply the higher the temper: 
100 per cent, as should 
ixing, the benzoyl peroxide reacts to a mar} 
TABLE 4 
PEROXIDE Decrease AND Benzoic Acip INCREA 
RuBBER WITH BENzOYL PEROXIDE DEPENDEN 
(CONCENTRATION 
Initial amounts: 100.0 g. natural rubber, 2.0 g 
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higher temperatures take 
centration of the benz 
stants of the two pro 


i 
! 


at 60° ¢ that 
becomes 8 pe LOOKS 
a function of mperatul rdinate: log 


il i 


and Ags; abs I rocal of the abs« 


TABLE 7 
PEROXIDE DECREASE AND Benzoic Acip 
OF NaTURAL KusBBER WITH BENZOY 
ON THE (CONCENTRATION 


O0 
67 


of the curves indi 

should take place entually 
course, impossibl nd therefore 
velocity-detern 

temperature tune 

follows the temper 
peroxide At hig 
distinguished wit! 


analogous to those 
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stress this fact once more at these ten 


at crease and benzoic acid formation } i\ 


i ! } 
iit i mence On 


We also investigated the depend 
ization, to be sure, at only one temperature 
rubber at which the reactions go over into ons 
first order This must, of course 
of the peroxide is exceeded 

Table 7, which needs no explanation 


shows the decrease of the peroxide with 


cent: abscissa ulcanization time in 


centration olf the eCNnZole ack rdinat I 


added peroxide DSC18si ulcanization time 
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TABLE 8 


Reaction Vevociry CONSTANTS OF THE PEROXIDE De®cREASE 


INTERACTION OF \ATURAL Ri BBER WITH SENZOYL PEROXIDI 


The kinetic relationships, in our opinion 
hoth cases the formation of an intermediate ci 
ileanization, this conclusion emerges only 
higher te mipe ires, for below 60° ¢ both re 
Measurements at low temperatures can thus 
true state of affairs If one must postulate 
ever, then there are difficulties in the way of 


proposed by Farmer and Bartlett into agreemer 


Each of the reaction paths discussed requires f¢ 
reacts an allyl unit in order to form benzo. 


benzoic acid production exists only 


TABLE 9 


Reaction Vevociry CONSTANTS OF THE BENZOK 
ACTION OF NaTURAL Rupper witrn Bs 
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& it seem i ere m } 1ati 1} an those 


SUMMARY 


HDper 
itv 


The nal 


peratures ac 


velocity constants have been given 


iction, but also accordin » a first 


constants of both reactions 
8 been shown that at lower te peratures the forma- 
id the decrease of peroxide becom lly rapid 
between thiuram vi nization and peroxide vulcanization 
Kinetics has been 
inization and 
in intermed) 
this con 
for peroxide 
to peroxi vulcanization the itionships found by 
nerization of allyl acetate by benzov] peroxide 
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THE THEORY OF VULCANIZATION AND 
THE ACTION OF ACCELERATORS * 


B. DoGapkin, V. Setyukova, Z. TARASOVA DOBROMYSLOVA 
M. FELDSHTEIN AND M. KapLuNovy 


re or Fine Cueme 
SEARCH INSTITUTE 


INTRODUCTION 


The fundamental step of the vulcanization 


rit 


her 
YT 


chemical cross-links between the molecular chains of the rub 
of these bonds is responsible for the principal differences betwe: 
rubber and crude rubber—lack of solubility, final value of the 
modulus of elasticity, and impossibility of passage into a liquid state without 
destruction of the chemical bonds The formation of chemical cross-links can 
take place as a result of the following reactions: (1) reactions betwe 
ber molecules and the biradicals or bifunctional groups characteristic 


canizing agent; (2) secondary reactions between the functional groups of 
molecule formed during vulcanization and the double bonds of another ; 
secondary reactions between the functional groups of various molecules formed 
during vulcanization and metal oxides or other oxidizing agents contained i 


(4) thermal or thermal oxidation structure formation 


en the I ib 
of the vul 


one 


the vulcanized mixture 

ofthe rubber. The reaction between the double bonds and the sulfur biradicals 

Bar or dithiols HSRSH, Is an example ol the firs i reaction The 
he double bonds of the sulfl 


second ty pe Is ODServe d in the reaction betwee nt 
reactions Wi 


dryl groups formed in the rubber molecules as a1 
sulfur, and the accelerator and hvydroge n sulfide f i! iction oe 
tween the sulfhydryl and carboxyl groups of the ri lecular ch 


metal oxides, sulfur and oxygen was studies 


arlier work‘ 
theory ) r vf lopmye nt of pol mMNeriza pro SSCS induced 
the vulcanizing agent during vulcanization, le: 
formation of j= bonds between the mol lar ains of the 


was | roposed by the authors Howeve r, no ¢ 


was Pp 
processes was obtained; furthermore, a number of 
the spectral analysis of a vulcanizate) contradi 
present study is devo to a description of ex 
very essential aspect of the vulcanization process 
REACTION BETWEEN RUBBER AND BENZOTHIAZOLYL DISULFIDI 


? \ 


In one of the precedin s, Dogadkin and | 
dependent vulcanizing action of two widely use 
dibenzothiazoly! disulfide ans enzothiazole sulf 

j 


ns tien Wikeeey Caaiidente {| 


peared in Doklady Akademii N 


} 
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carbon black 


ntaining 
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lassic vulk 


lbh rec 


nitrogen is shown in Figure 2 
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compounds 
ipparent in the ca 
intensively 
on 
strength 
100 parts by we 


and 5 


yntaining Oy] 


at first a 
ia a 


1 O11 


f lopm¢ 


tim 


y 


at 143°. The vule action 


of natural rubber® 


‘anizing 
ae 
rubber, 

The 


residual deformation during 


on sodium-butadiene 


butadiene-styrene rubber 
and 
rub- 


disulfide 


ight of sodium-butadiene 


parts of benzothiazolyl 


2.6 parts of sulfur is shown as an illustration 


disulfide a stronger vul 


sulfur 
was then studied by heating 
condith ns of 


i 


has anizing 


zing agent 


possible 
yf viscosity and molecular 


yer cent of disulfide during 


rhe 


I 
molec- 


200 000 


100 000 
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osity 


as described b and 


in 
eteristic viscosity 

1 also to intramolecular combination 
The 
of 
united 


pical 


decrease is ob- 
iolecules 
the 


mole cl 


solated side-chain n 
this 


ase decreases: viscosity 
individual 
nt of vulcanizat 


Dinati 


an increase 
m of the molecules 
of the 
rubber 
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Increase 
for crude 
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Figure 3 she 


heating of a rubber urve 


yws the change 


(curve 1), a mixture with 3 pe 


! 


was determined by 


heating a rubber : i 
the modulus is prac a 


xylene after heatin iT 


1! 


cent of he nzotl iazol 
to a value 5.1 kg 


slight swelling in 


CHANGE OF SWELLING 


DURING HEATING aT 143 
6 Per Centr be 
CENT 5 FUR (f AND 


6 Per CEN’ 


Saturated 


solution 


ymewnat me 


six hours 
| disulfide 


MAXIMUM IN 


ZOTHIAZOLY! 
‘ 
VIxTURE WITH 


of equilibrium 


a rubber 
r cent ol 


| 
( 


per cent sulfur and 6 per cent disulfide (« 


aifes 


not « 


“use 


indeterminate an¢ 


When 
is he ited i 
| 


is observed 


TABLE 1 
XY. 
RUBBER 
DisuLr! 


(| oF 


BENZOTHIAZO 
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According to contemporary theories of the nature of high elasticity, the 
depends on the number of chemical bonds between the 
E, 3NkT, where N is the number of segments between the 
anization structure For this reason the 


existence of a final 


increase of this value when the rubber mixture is heated 


I I YaiU 


disulfide attests to the format 


nin t} is Cast of chemical! 


inization process as iting rubber with benzothiazoly] 
mpanied by a change | latter Figure 4 shows an analysis 
heated with i } ¢ As is seen, ~50 per 

ile part of it is converted into 


rest is absorbed in some form by the 


nitrogen and sulfur bond with the 


~™ @ & 
Ss 8S & 


hubersomvarat ur ducynbpud 
& 
S$ § 


8 


JO 60 j 
Opens noepebonus, vac 


mixtur heated in a press In 

iation of mercaptobe nzothiazole 
imum 4 h co i h the deflection of the curve of 
benzotl ul ontent 


| experime howed that, if benzothiazoly! disulfide is heated in a 
t olation from oxygen no change takes place Thus, 
benzothiazoly! disulfide during heating with rubber can 
action between these substances. In par- 
iazolyl disulfide into thiol can be regarded 
drogenization cess of separation ivable 

lecular chains of the rubber 


Jlowing mechanism of 


uicanization 


benzothiazoly| 


hig st he Ine 
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Further evidence of thermal decomposition into rad 
thiazolyl disulfide solutions at 120-150° are param 
cause polymerization of isoprene, as will be shown 


sulfide alone can 
Symmetrical decomposition according to schem« 

confirmed by the fact that when radioactive benzo 
was used in a number of experim: 


! probable 


thiazoly! disulfide 
S** in the disulfide bridge nts, the activity 
uleanizate and that which passes into the acetone extract 


On the other hand In one set ot ¢ xperime nts, an 


560 impulse s per min 
that in the acetone « 


the sulfur in the v 
unequal 


about the same 
tribution of activities was observed 
ilcanizate in contrast to $70 impulses per min 


) 


for the sulfur u 
Kt 


this makes it impossible to reject scheme 


The radicals formed can react with the rubbe 


between 
wecepting the mobile 
atom 18 weaker! 

ntly the benzothiazoly 


lies in two ways 


the radicals and the olecules at the 


first reaction is 
hvydr n atom: the energ 


a-methylene groups 
niugation effec 


bond of the latter wi 
al per ky mol 


tha carbon 
approximately LY ke ( onseque | radu 
is converted into a molecule of mercaptobenzothiazol w polymer 


radical is formed 


‘T his latte r ci 


| 
( 


i 


or react with a uble bond of another rubber 
ization according to the scheme 
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can be interrupted by any of several mechanisms, in particular 


as a result of the reaction of a polymer radical with a benzothiazolyl] radical: 


onds of the rubber 


act ording to the 


nfirmed 
The 
bound 
data 
rubber 
riments 
active 


benzothiazolyl d fid ‘ ‘change is obse: at 13 nder conditions 
dgaiflusion « he cr talline ! ed ide thre ia him ol whioactive 


vulceanizats i f hang re 1OV in Fy 5; the maximum 
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riments on stress relaxation in vulcanizates at 130° in strict isolation from 


The methods of these ¢ xperiments and their importance in the analy- 


4 


ulcanization str 1 1% deseri arlie The kinetics of 
| disulfide and 

ilcanizates 

which are 

vulcanizates 

owing to thermal! « mposition of the cross-links) and to a 


iilibrium stress. The kinetic constant of relaxation of stress 


A, 
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‘uv ‘ nt etweet 


ulated 


wl if h 


ng rubber 

merization 

velop- 

the 

dds. The 

determining the maximum swelling of the vulcanizate 
ecular weight Mc of chain segments according 

to the Flory-Rehner equatior rhe second method consisted in determining 


the equilibrium modulus by the above-mentioned method and calculating M¢ 
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7 
18s equat 


Calculation of the number of linkages per 
ing to the number of elementary acts of pol 
S As has been observed above, mercapt 
vulcanization, and combines with the rubber we r, without 
ture formation Naturally, then, it is necessa » subtract the 
combined mercaptobenzothiazole from the tot 
thiazolyl disulfide when measuring the amot 
formation of radicals which initiate the pol 
in Table 2, column 4, w obtained in this w 
L5 5 } linkages ire used by Cit h disulfide 
mere aptobe nzothiazoly! radical re quires 0.6 te 


tion of the mol lal Nain he rubber 


MBER OF 
BBHER WITH 


0.0122 0.00908 
QOOL09 0.OLSS 
0 OZ! 0.0211 
0.0267 0.0224 
0.0264 0.0216 


If the degree « 


{ } 


which deseribes th ein equill 


reacting benzoth lyl disulfide’’, then 2 
thiazolyl radical ar volved 
These values correspond closely to the dit 


weight of structured rubber after heating 


g 
Figure 2 As has been shown alre 


ady, in 
creases as a result of vulcanization to three 

The calculations « d show it the de 
initiated by AZOLVI rar is during 


2 acts ( ae aa 


plained by the fa hat, after 
hains (scheme 5 o1 the active point of 


and has little mobility Thus, further rea 


A 


hyher 
) 


as a result of either attraction of another mol j hain of rub 


reaction with a mobile benzothiazol 1dica em the 


rupture of the chain takes place’® 
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Proceeding from a given number 
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Speman wnaepedanun 0 vac 


The product of polymerization is an oily liquid; this indicates a relati 


low degree of polymerization. Most (up to 90 per « ie added disulfide 


was combined with the polymer In no ca vas mercaptobenzothiazol 
detected Thus, in this case the initiation of p er) ion passed through a 
stage of combination of benzothiazolyl radicals with molecules of monomer 

In summation, we may assume that vulcanization under the influence of 
benzothiazoly! disulfide is a1 al process of combination molecul 1ains 
of the rubber, wi el mation of Dona 18 process 18 initiated 
by benzothiazol radicé which ar rmed during he lissociation of the 
disulfide, and the 
extremely slight 1 the average 
per initiating ! The reaction f } ( AZOLY ri ~ 
principally in the a-methylene groups of the 
in the experiments described, about 50 per cent of 


thiol and only about 20 per cent combines wit 


benzot 


j 


is radical enters the structure of the vules 
bond or is combined with a polymer radical 
merization chal Su the action of the be 
at various pol n the molecular chains 


acts of polymerization, this process can lead 


ture characteristic of the vulcanizat 


VULCANIZATION OF RUBBER BY SULFUR IN THE 
PRESENCE OF BENZOTHIAZOLYL DISULFIDE 
Jenzothiazoly! disulfide is one 

celerators Its accelerating effect or 

in the curves of ] ire &, whicl 


containing 3 per cent of sulfur 
cent be nzothiazolyl 

case, as when rubber is heated with benzoth 
the latter is observ« asi irp decrease of the 
thirty minutes and partial conversion into 


nature of the chan n benzothiazolyl di 
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yreater toward the end of the ¢ xperiment than tl juantity of sulfur added 
The excess is carried away at the expenss mbination with active disulfide 
molecules 

The kinetics of combination of sulfur rin the presence 
captobenzothiazoly! disulfide is described by t monom 
reaction. The kinetic constants increase 
celerator content (Figure 11 

This relation can be understood on the s of the pothesis that only half 
of the radicals which appear during the thermal decomposition of disulfides 
take part in the activation of sulfur This agrees with the previous observation 
that about half of the disulfide is converted into a more active accelerator 


mercaptobe nzothiazol The process of ullUul wtivation can have three 


possible COUrsBesS 


a) The eight-member Sg ring reacts with the polyn radical formed ac 
cording to reactions (3) and (7), resulting in the for: ion of a new polysulfide 


radical 


} {7 


which can react further as such or, breaking off ol f ilfur atoms, in the 


form of biradicals with variable is content 


is are formed, which absorb sulfur atoms 


In summation, cross-bone 
(b) The eight-member Ss ring reacts with a benzothiazolyl radical 
intermediate (evidently polysulfide) compounds 1 are decomposed 
ating sulfur biradicals S,**. The possibility of these reactions is confirn 
the property of iwotopic exe hange between benzotl 
tal sulfur® at vulcanization temperature 
cross-linking of the molecular chains of the 

(c) The eight-member 
formed in the initial stage of reaction 
to either the mechanism of exchange re 
anova the mechanism of oxidation « 
sulfur The latter is being studied at preset! 
It has been established that, at vuleanizatior 
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the following reaction e' 


I j ! f I rn I ring with 
inde! j izati a Litie Var nay reacting 


benzothiazole molecule or a-methylene | p, form a hydrogen 
Howey ig more plausible t ppo h is combined 
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bond of at 0 ul , consequently, takes part 


jymerization pro ym the formation of this 


HS* —+ KaHsS* » Kaka’SH 


schemes of conse | nd simultaneous re: 
the decomposition a inde into tree rac 
activation energy ' ! ion is by nature monomolec- 
on vulcanization, measures absorption of elemental 
fil lows an equati n of the first order, as our data show 
Direct reactions between accelerator and rubber, described in the first 
section of this article, take place along with the sulfur process, As was shown, 
these processes it wi to the formation ol heat-stable Cross-lnkKs ( © . while 
the reaction between rubber ar ulfur radicals leads to the formation of 
t 


less stable poiysulfide bo This 1 vident from the stress relaxation curves 


’ 
of vuleanizates (Figure 6) containing various proportions of accelerator and 
sulfur. The higl he proportion of accelerator, the more heat-stable 1s the 


vulcanizate, sin decrease in this ratio causes an increase of the proportion of 
polysulfide bonds in the vulcanizats 
also necessary to keep in min it the a-methylene groups of the 


chains of rubber also have an important part vulcanization 


Chis explains the striking fact th he relativ f sulfur modulus 
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SE, /AS for butadiene polymers with various amou: and 1,4-structure 
increases linearly with an increase of double | is in the main chains of the 
polymer (Figure 12 Thus, in sulfur vulcanization, elerators such as di- 
sulfides and sulfenamides fill a double function by : vating the sulfur and also 
activating the rubber itself The latter eff hs ot been studied from a 
chemical standp int However, as was indicated a this effect of accelera 


tors is of essential importance to the mechan f vulcanization 


CONCLUSIONS 
1. Vuleanization of rubber by benzothiaz lisulfid 10 sulfur 
radical process The benzothiazolyl radicals f 
either are absorbed by a double bond or accey 
a-methylene groups of the molecular chains of 
formed thereby react with the other molecular 
of the molecules through the C—C bor 
acteristic of the vulcanizate 

2. Kinetic curves were obtained which di 
thiazoly! disulfide into mercaptobenzothiazole and combination with 
molecules. 

3. Changes of viscosity and molecular we 
rubber solutions were studied by light-scatteri: 
kinetic curve of viscosity has a minimum, wl 
to three times its original value toward the er 

4. The number of C—( cross-links i 
from the swelling maximum and equilibrium 
obtained indicate that, on the average, two a1 
acts of union of the molecular chains of rubbe 
thiazolyl radical 
5. experiments on stress relaxation at 130 
contains —C—( cross-links between the m 

6. The isot« pi exchange of a radioact 
benzothiazoly! disulfide demonstrates the « 
in the structure of the rubber 

7. A scheme of the elementary radical react 
thiazoly!l disulfide which lead to vulcanizatior 

%. The kinetics of vulcanization of rubber 
benzothiazolyl disulfide was studied The ce 
monomolecular law and the kinetic constant dep 
tion of accelera 


9. In the earl nv f sulfur vuleanizs 


converted into me captobenzothiazol whi 


proceeds 

At the same time the rubber reacts 
initiate polymerization processes with the 
the molecular chains of rubber 

10. The ratio between ( ( 
depends on the ratio between accelerat 

11. As in the case of vulcanization 
vulcanization in tl p! of an accel 
a-methylene groups of the molecular chains 


structure formatio! ius vulcanization 
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THE VULCANIZATION OF BUTADIENE-STYRENE 
RUBBER IN THE PRESENCE OF SULFENAMIDE 
ACCELERATORS * 


B. Docapkin, M. FEv’psutretIn, ano D. Pevznrer 


ntivic Reseancu Inerirret ' IR Moscow, USSR 


In recent years, butadiene-styrene rubber has found a widespread and ever- 
increasing use in industry. This type of rubber, however, vuleanizes more 
slowly in industrial stocks than do natural and sodium-butadiene (polybuta 
diene) rubbers, and therefore it requires the use of powerful vulcanizing agents 

Among the several effective vulcanization accelerators for butadiene-stvrene 
rubber are the sulfenamide compounds. For this reason, research on the vul 
canization characteristics of butadiene-styrene ru er in the presence of these 
accelerators can no doubt be of considerable practical and theoretical interest 

The main substance under investigation in this work was N,N-diethyl-2 
benzothiazolesulfenamide (Accelerator A-test In order to establish whether 
or not a reaction takes place between the rubber and the N,N-diethyl-2-benzo 


thiazolesulfenamide under the temperature conditions of vul 


canization, research 
was carried out on both unloaded and loaded sté s (with channel black), some 
of which contained as their vulcanizing agent the accelerator alone, and others 
sulfur alone 

Figure | presents the kinetics of the change of the modulus at 300 per cent 
elongation during the heating of a stock contai: 9) parts by weight of channel 
black and 5 parts of Rubrax per 100 parts of butadi: yrene rubber 

! 


other stocks similar to this but containing alse 


thiazolesulfenamide in one case and 2 parts of in the other 


shows that when a stock containing no curat ill is heated 

canization temperature of 143° C), the modul 

during all the time of heating. However, the 

diethyl-2-benzothiazolesulfenamide into such 

effect This is shown, in both the loaded and 

able increases of the modulus and tensile streng 

and a decrease of swelling of the stocks 

sulfenamide in this case shows a considerab] 

ing) action th: 1 the usual vuleanizing 
The character of the kinetics 

phy sico-mechanical and physico-chemi 

swelling, ete.) of wks containing N,A 

analogous to tl ing of the 

vulcanization 

brought about 

sulfur, and the 

thiazolesulfenan 

heating of this 
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the same time it was established that the heated stocks with N,N-diethyl-2- 


benzothiazolesulfenamide contained chemically combined sulfur and nitrogen, 
which were not removed b prolonged extraction with acetone This fact indi- 
cates the existence of a chemical reaction between rubber and the N,N-diethyl- 
2-benzothiazolesulfenamide under the temperature conditions of vulcanization 
In Figure 2 are presented data characterizing the amounts of N,N-diethyl-2- 
benzothi lesulfenamide which reacted, calculated as combined sulfur. As 
can be seen, a ¢ siderable portion of the accelerator introduced into the stock 
took part in the ve reaction. Thus, when the stock was heated for 200 
minutes at a temperature of 143° C, the quantity of reacted N,N-diethy]-2- 
benzothiazolesulfenamide reached 40 per cent of the amount introduced origin- 
ally ; it is important to note here that the physico-mechanical properties of the 
stock, as Figure 2 shows, also changed in accordance with the amount of N,N- 
diethy]-2-benzothiazolesulfenamide reacting. The relation between the modu- 
lus and the quantity of reacted N,N-diethyl-2-benzothiazolesulfenamide, in a 

ated stock, is represented (Figure 3) by astraight line. This is in agreement 

ith the present-day idea that the modulus is a function of the number of cross- 
links between the molecular chains of the vulcanizate. The linear relation 
mentioned signi iat, in a given reaction, the number of acts of tying together 
rubber molecules is proportional to the number of molecules of N,N-diethyl-2 


benzothi pull which have reacted with them 


However »bserved above might be explained to a certain extent 


a reaction ween the rubber and molecular oxygen which is activated by 

yl-2-benzothiazolesulfenamide. In order to eliminate 

ber stocks were prepared which contained only rubber and 

ise, and rubber and sulfur in the other, and these were 

ions such that oxygen was excluded Figure 4 presents 

ge of the solubility of these systems in chloroform, as a function 

the duration of the heating. It is plain that in the system rubber-N,N- 

dieth yl-2-benzothiazolesulfenamide vulcanization takes place even in the 
absence of oxygen 

Thus the vulcanizing action of N,N-diethyl-2-benzothiazolesulfenamide is 

based on a direct chemical reaction between it and the rubber. The fact that 


such vulcanizates contain chemically combined sulfur and nitrogen indicates 


that these elements are able to enter into the molecular chains of the rubber in 
the form of radicals, which are produced from the N,N-diethyl-2-benzothiazole- 
sulfenamids Krom this, it is natural to suppose that vulcanization in the 
presence of N,N-diethyl-2-benzothiazolesulfenamide is related to the decom 
position of such compounds into free radicals, which cause a polymerization of 
the rubber hydrocarbon. Such a vulcanization mechanism may be presented 
in the following 

Under the temperature conditions for vulcanization, decomposition of 
V ,N-diethyl-2-benzothiazolesulfenamide into radicals takes place, according to 
the reactior 
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Fig. 1 Kineti v j is of aton when heated at )parta by weight 
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(1) They may ace pt hydrogen from the a-meth 


lene groups of the molecular 
chains of the rubber 


thus promoting the polymerization process aecording to 
the following reactions 


The 2-mercaptobenzothiazole formed is eas 
rubber peroxides to benzothiazoly! disulfide 
covered in the vulcanization of stocks in the 
thiazolesulfenamide We must also note tl 
the structure of the butadiene-styrene polym 


the above reaction, since a phenyl ring increas 


atoms? of the a-methylene groups in the mole 
(2) The rad iis formed by the decompe sit 


zolesulfenamide can react with the double bonds of t rubber molecule 
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reaction according to the following equations: 
4 


N 


H 


ictions occur is confirmed by the fact that the 

rubber combines with elements from N,N -diethyl-2-benzothiazolesulfenamide 
and that the changes of the properties of the rubber during heating (vulcaniza- 
tion) i roportional to the consumption of this accelerator (Figure 3 
Undoubted the established fact of the structurizing (vulcanizing) action 

of N.N-diethyl-2-benzothiazolesulfenam) Accelerator A-test) reveals the 


reason, or at least one of the reasons, why this type 


ol accel rator 1s effective 


ith respect to butadiene-styrene rubber, whose kinetics of combination with 


lifur is comparat 


The above is of interest from the standpoint of clarifying the 


mechanism of \ ition in general, and the nature of the action of the ac- 
celerator in particul It is evident that in a sulfur vulcanization with V N- 
diethyl-2-benzothiazolesulfenamide as the accelerator, not only does an exchange 


reaction with sulfur’ take place but also the radical polymerization mec hanism 


discussed abo ccurs One would expect that the existence of this polymer- 


ization in th res of N N-diethyl-2-benzothiazolesulfenamide would have a 
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definite effect on the character of the vulcanizat 
this accelerator, and on the properties of the vu 

An investigation of the vulcanization of su 
stocks containing two types of sulfenamide accele: 
thiazolesulfenamide and N-cyclohexyl-2-benzothiazolesulfenami 
ity of each of these accelerators was compared with that of an 


bination widely used at the present time 


benzothiazolyl disulfide 


Stocks were prepared which contained 100 


i 


parts of channe | black, 5 parts of Rubrax, 5 par 
acid and 2 parts of sulfur; one set of these 
guanidine and 0.6 part of benzothiazolyl di 
amounts, in moles, of the sulfenamide acceler 
of the modulus of these stocks during the 
Figure 5 From the data obtained it is 
of the vulcanization effect produced by 
particularly is characterized by the 
ulcanizates), the sulfenamide compounds 
combination of benzothi lyl disulfide and 
the former prod dh er modulus and ter 
Among the sulfe mit celerators rtl 
sulfenamide ca i" yreater 
diethyl-2-benzothi 

The effectiveness ¢ 
when the concentrati 
the amounts of sull 
the accelerator activato ade and 
ulcanizing compound altogether Thus 
1.5 to 2 parts by weight) of N,N-diethyl-2 
to the usual rubber stocks (both the standa 
sulfur content can be reduced considerably 


absence of accelerator activators 
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nt to the others in their physical and mechanical properties; 
in these stocks as was used in the 


umount of sulfur was used 
ig a8 their curatives diphenylguanidine, benzothiazoly] 


and sulfur, then the sulfenamide stocks surpassed the latter 


on presented earlier as to the mechanism of the 
ilfenamide, it is now understandable 

only makes possible a reduction of the 

inizing agent, sulfur, but also compensates for the 
activators. Some data‘ have been published recently 
presume that the presence f the activator zine oxide, in a 
an oxidizing eff m the rubber thiols® which are 
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formed in the first stage of vulcanization. The supposition that the vulcaniza- 
tion of rubber proceeds through the formation of thiols is based on the fact that 
dithiols have proven to be effective vulcanizing agents. Thus, the production 
of a vulcanizate in such a case may be shown by the following reactions 


accelerator 


RH +58, ~+ RSH +8 
2RSH + Zn** >» RSZnSR + 2H* 
RSZnSR + 8, » RSSR + ZnS +8 


z-—! 

The oxidizing action of zinc oxide (Reaction 2) may, as is seen in the reaction 
scheme for N,N-diethyl-2-benzothiazolesulfenamide outlined above, be com- 
pensated for by the action of the radicals which are formed by the decomposi- 
tion of this accelerator, and which accept hydrogen from the thiol groups 


N N 
2RSH + 2°S—C Coy > RSSR + 2C.H, 
S 5S 


Further, an increase of the concentration of N,N-diethyl-2-benzothiazole 
sulfenamide also makes it possible to eliminate accelerator activators from the 
stock. 

In industrial practice, the composition of the curatives used (and in par 
ticular the accelerator content) is governed first of all by the commercial re 
quirements of a given rubber stock. For this reason it was of importance to 
clarify the characteristics of the vulcanization kinetics of the accelerators 
studied, by employing them in concentrations such as to insure that the physical 
and mechanical indexes of the vulcanizates would agree relatively closely, 
where the time required to reach the optimum cure was the same in each 
Naturally, for such a case the concentration of the mixture of diphenylguanidine 
and benzothiazoly! disulfide used had to be considerably greater, in moles, than 
the concentration of the sulfenamides. A study was made of some unloaded 
stocks, which differed from the loaded stocks considered above, not only in the 
accelerator content, but also in having 1.5 parts of sulfur instead of 2, and no 
carbon black or Rubrax. The results of determinations of their physical and 
mechanical properties showed that the quantities of the accelerators introduced 
were such as to insure that, when the optimum cure was rea hed, after 30 
minutes, the vulcanizates produced would all have practically equal indexes 
The 20-minute vulcanizates, however, differed from one another consider 
ably. Thus, the vulcanizate from a stock containing N,N-diethyl-2-benzoth 
zolesulfenamide possessed lower modulus val 


4 
ucs Figure h than did the 20 
minute vulcanizates from the other stocks. However, to follow the kinetics of 
the process in its earlier stages by way of the physical and mechanical properties 
under the usual test conditions, presents considerable difficulty. The vul 
canization kinetics in the regions of 5, 10, 15, and 20 minutes and longer can be 
judged only by means of the data cited below for t!] ombination of sulfur, the 


change of solubility and the change of the swelling limite 


The data presented in Figure 7 demonstrate that the sulfenamide ac: 


tors produce a retardation in the kinetics of the sulfur combination react 


on in 
its earlier stages (up to 15 minutes), in comparison with the benzothiazoly!] 


disulfide-diphenylguanidine combination. The kinetic curve of vulcanization 
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TABLE 1 
SERVICE PROPERTIES OF VULCANIZED Srocks or THE TrreE-TREAD TYPE 


art 


De nation of indexe 


Losses of mechanical properties at 


1) Coefficient of mechanica 


(b) Dynamic modulus F (in per sq. em 


Heat build-up under dynamic compression at 


constant load (temperature of sample after 
10,000 cycles, in ° ¢ 
Resistance to dynamic deforn ition (in thousands 
of cycles) 
(a) Compression 
(Dp) Ilexure 
tesistance to separation under dynamic 


sal 
cycles) 


tion of a spatial 
at a temperature of 

The question naturally arises 
zation kinetics might have on the 
vestigation of this question was 
black and stocks of the protector ty 
was such as to insure (for equal amount 
canizates all of which would be closely 
indexes 

The above-noted characteristics 
stocks (dependin n the different ac 
stocks; this was confirmed by determin 
the protector type (Figure 10 Table 1 p 
the industrial properties of vulcanizates frot 
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were identical he stocks studied. The results 
however, a con le difference in some properties 
ileanizates with the aid of benzo- 
ylguanidine Th ier exhibit less heat build- 

ing to the ad rou rature measurements 
compression deformation and the data on losses in mechanical 


ontaining N,N-diethy]-2-benzothiazolesulfenamide (Ac- 


clohexy|-2-benzothiazolesulfenamide 


( Santocure) are 
a great resistance to dynamic compression and flexure 
difference in service properties between 
y1-2-benzothiazolesulfenamide and those with 

imide: since, as the data in the 
canizates are practically identical in all thei 


in 
it character 


that makes the 
V,N-dieth 
enzothiazolesulls table show, 
properties other than 
ize the strength of the adhesive bonds in a multilayer rub- 





ileanizates of stocks folded double, containing NV,N-diethyl- 
enamide, possessed a higher dynamic separation resistance 


k 
! 
id those containing N 


clohexyl-2-benzothiazolesulfenamide 
were considerably better than folded stocks containing 
plus diphenylguanidi Thus benzo- 
accelerator group 


e made the bonds between plies of folded anizates 


yl-2-benzothiazolesulf nide on the 
| 


lded stocks of butadiene-styrene 
As was established | the 
in cured folded butadiene-styrene rubber stocks 
rable extent on how long these 
viscous condition. The existence of 


snization of 
stocks with N,N-diethyl-2-benzothiazolesulfenam ing which the folded 


can be ex- 


work of r laboratory 


; stocks 1 nin a semi- 


an ind 


stocks retain their fluidity, creates more f: 


raw rubber 
stock to spre ad and adhere to itself in the 


uses an in- 
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crease in the streng 


other hand, as was noted above 


1 


reactions involving the combinatior! 
result of this, in vulcanizates with th 
sulfur bonds, but also the str« nger ( 
the latter also imparts a higher strength to 
a higher fatigue resistance in vulcanizates 
created under the conditions stated ar 
throughout the spatial structure of 
of lowering the internal friction, an 
in the vulcanizates 

From the above presentation it 
amide accelerators gives rise to an impro 


ties of vulcanizates of butadiene-styren 


CONCLUSIONS 


1. It is established that N,N-diethy]l-2-b 
structure-forming effect in stocks of butadien 
heated at vulcanization temperatures, eve! 
canizing agent, sulfur These stocks, after 
tain chemically combined sulfur and nitrogen 
with a longer heating period 

2. The change of the modulus of the abe 
amount of N,N-diethyl-2-benzothiazolesulfer 

3. The structure-forming action of N 
can be regarded as a pe lymerization react 
formed in the thermal decomposition of 

4. It is possible to vuleanize ordinary 
rubber stocks in the presence of sulfenamide 
accelerator activator 

5. The kinetic curs 
equilibrium modulus, for : r sto 
accelerators V N-dietl 2 If 
benzothiazolesulfenami 
in the vulcanizatior 
V N-diethyl-2-ber 

6. Multilayer 
accelerators have 
increased bond st 
initial stage of the 


n questior 
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MECHANISM OF FORMATION OF ZINC 

DIMETHYLDITHIOCARBAMATE (ZnDMDC) 

IN TETRAMETHYLTHIURAM DISULFIDE 
TMTD) VULCANIZATION * 


Davip CRAIG 


on the copoly- 
anization w | roposed They find the 

to TMTD vul nas v as with that 

} tetramethylthiuram monosullid ITMTM) and 
sentation lac d clarity and, theretore, that 

report that 66 per cent of the TMTD, or of the mix- 

ints of TMTM and sulfur, reacts to form Zn DMDC 
t-order rate law during vulcanization in the presence ot 
contribution In particular, it 

ature of the overall 


10Zn0 > $Zn[ (CHs)2NC(S)S ], + CO, 
S)N(CH + 12(8) + 2Znf(CHs)2NC(O)O], (1) 
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A STUDY, BY MEANS OF RADIOACTIVE SULFUR, OF 
THE MECHANISM OF VULCANIZATION 
OF RUBBER. I” 


PRYADILOVA, AND \ 


INTRODUCTION 
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The third question concerns the kinetics of vulcanization 
remarkable fact has been observed: the rate of combination of sulfur with rul 
ber remains constant during all the time of vulcanization until most of the sulfu 
has been consumed. This means that the rate of lfur combination depend 
not on the free sulfur concentration, but on the mcentration of total 
1.e., on the sum of the free and combined sulfur This fact cannot be ex] 
away by any such trivial reasons as, for instance, 1 p : I solution ¢ 
diffusion of elemental sulfur. 

Among the facts which are not compatible with a simple concept of vu 
canization as a process of tying chains together with s ir atoms, 18 that of the 
behavior of ebonite—a rubber vulcanized to the lin with a sulfur content 
of 32 percent. The literature is full of attempts to present ebonite as a definite 
stoichiometric compound of the hydrocarbon wit! lfur, with a composition 
of, let us say, (C,H,S8),, 

There are no conclusive data whatever for thi ! contrary, a deter 


nination of the number of double bonds, fror haracteristic abse 


T 
band in the infrared region (about 6 microns how hat ebonite still 


considerable portion of the double bonds of the rubber 

If one assumes that ebonite, a spatial polymer combined to the maxi 
degree with sulfur, in which the energy of the bridge bond is that of the cher 
bond C—S (or 54,000 cal./mole)*‘, then it is har ne tand just how 
softens at 80° C and changes into an elastic sta vith a low modulus 
elasticity. 

We may note that in a rubber whose chains are tied together with C—« 
chemical bonds, such a change 18 not observed Another fact related to this is 
that, at 100” C, | 
toluene containing piperidine 


a vulcanizate can be entirely dissolved in a solvent, e.g., in 


; and if the polymer is then precipitated from the 
solution, the precipitated substance is found to have the properties of the vul 
canizate again To be sure, our concepts of the chemical nature of vulcaniza 
tion have varied somewhat. Sut, at the same tim it is known that 
tempts to interpret vulcanization as a purely physical phenomenon hay 
entirely fruitless and have been abandoned 

The present work has been carried out as an 
of the vulcanization process at different stages 
seemed a very suitable one to employ for this pury 

We measured, over a wide range of temper! 
diffusion coefficient of sulfur in natural rubber 
of the combination of sulfur with rubber in the 
sides this, we investigated the reaction of isot 
celerator and the sulfur, and were thus able to in 
tor 


THE DIFFUSION OF SULFUR 
AND THE SOLUBILITY O} 


It was logical that our thoughts should turn 
tion by means of research on migration, 1.e., the 
The very concepts of combined sulfur and 
migration in the case of the former, and an a 
latter 

It would seem that, taking diffusion as the 
kinetics of the combination of sulfur with rubber 
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window being 15 microns), with which measurer 


, 
peratures up to 200° C. The counter was center 
aid of a cylindrical sleeve 

The apparatus assembled in this manne 
temperature oil bath, and the time was counte 
trol experiments showed that the te mperature 
the time, which was less than 5 minutes Du 
sulfur, which had been put on the bottom surfac 
it The counter measured the concentration of 
surface of the sample 

The experimental data make it possible 
diffusion process is described by the equatior 


determine the diffusion coefficient of sulfur in 1 


and (3) to calculate the activation energy for 


PROC! I> rHE EXPERIMENTAI 


In the absence of vulcanization 
rubber, and the concentration of the 
the period of the experiment (of the 
part of the sulfur had combined wit! 
cally expect that the « » of the process e 
equation 

We can use the equation for one 
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thickness al it | mn i, 
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was nil The radioactivity of th 
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at “large” periods of time in the experiment, 


Dt > 1.5, the value of the series can be limited 
an error of less than 1 per cent Assuming that the 
8 proportional to the concentration of sulfur at the 


ng equation 


)) 
«) 


the counter at the surface z d: 
face after the sulfur concentration 
present time and the ordinate 

g to Equation (2), the experi- 
extension of which intersects a 
in2. This makes it possible to 


ibed accurately by the equation 


cient iffusion was dete: 
f slope IS ¢ jual to rid 2p 


rimental straight lines (Changes in the 


do not affect the linear relationship 


i 


riments at low tem- 
was expedient to use 
rapidly at short 


and takes the 


N Dt a= 


ition d?/4Dt > 1.5, the y alue of the series can be limited to 
with an error of less than | per cent Assuming that the 
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measured radioactivity was proportional to the 


surface z d, we derived a working equation 


if 
I(t, d = 
VrDt 


Letting the abscissa represent the quantity 1/t and the ordinate log J vt, we 
got a straight line, the tangent of whose angle of pe d mined the diffusion 


coefficient. A series of experimental straight lines obtained by this method ar 
presented in Figure 3 


TABLE 1 
0.104 
0.205 


0.218 
0.44 


I ore r\? 3 0.40 
In (1 7) = In 1.27 (=) Dt . 077 
In the presence of accelerators 


In (1 ;-) = In2 (=) pe en 


In cases where large amounts of sulfur wer 


In I vi 


Bion coe the ent was ¢ ule ulate d by the use ol a 


under the boundary conditions 


This boundary condition implies that we 
sample, at all times a constant concentratior 
amount of saturation 

A working equation for this case under thi 
time would take the form 


I(t, d i 


The values for the diffusion coefficient 
ments with samples of different thicknesses 
equations, agree with one another, and agre: 
fheient of sull in 1@ preser of accelerat 


diffusion coeffic mperatures of 130 


cm.?/sec.; i.e., tl ypical of the diffusion 
liquid 
The results of diffusion measurements mad 
thicknesses of samples, and calculated with va 
Table 1. Figure 4 shows a graph of the quantit 
We are convinced that the rule: D De 
experiment, and the activation energy for 
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By utilizing 
method. the « 


sulfur it is possible to 
rium solubility of sulfur in: 


the solubilit. ire contradictory and ex 
of 120° C mploved 
hh 
placed in our usu pparatus and heated to the 
iting time was chosen such tl 


the following methe 
bottom surface id been placed a 


An interval 
became uniform throughout the sample, and at tl 


The n the te Mipel ature 


of radioactivity was made 
bath was raised, and, after the necessary elapse 
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THE COMBINATION OF SULFUR WITH RUBBER 
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where /(t, 0 
r QOandz d 
Knowing the ratio between / 
and the angle of slope of the straight 
to calculate the diffusion coefficient and 
sulfur combination, 8 The details of the 
lined in the mathematical supplement (see s¢ 
We will now des ribe the procedure used 
kinetics of sulfur combination was investigat 
this e: was no different from that in whicl 
was measur An accelerator (thiuram it 
Captax, 0.5 cent) was introduced by mill 
different thicknesses (0.4 to 1.5 mm Rad 
exceeding 0.05 per cent on the weight of the 
surface of the sample The measurement of 
sulfur to the top surface was carried on continu 
Jesides this, at the conclusion of the experime: ireful measurement w 
made of the asymmetry of the distribution; i. he difference between the 
radioactivities of the two surfaces. Plotting the quantity In [1 [/1 
f t) as before, we obtained straight lines 3 case the lines did not pas 
through In 2. By determining the tangent of the angle of slope of these lines 
and the asymmetry of the distribution, we found the quantities D and 8 
There are several wa sin which the flawle i iri of both the 
tal data and the method of handling them car 
the values found for samples of different thi 
other. In the second place, the values for th 
D, proved to be the same as those obtained from tl 
without chemical reaction In Figure 4 the poir obtained 
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of the effect of temperature on D. A third control method is 
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The calculated value was found to be in satisfac 
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THE ISOTOPE EXCHANGE REACTION BETWEEN THE 
ACCELERATORS AND THE SULFUR 


chanism of the 

elerators involved : dy of the isotope « 
lerator (thiuram) and elemental sull 
In the h are found just 


. , 
ram and ! 7) ive sullul veither ot t e was satistactory 


situation, since neither made it clear just how close to an equilibrium of ex 


change the authors were able to come Since the question of the equilibrium 
state of the results obtained was not checked wit! Kind of control, it Was im 
possible to draw any sort of quantitative conclusions from the data obtained | 
this work 

In the first paper it was shown that melting tl 
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the second the iuthors came to a contrary Cul 
of all four sulfur atoms in thiuram It is « 
iuthors’ data, that the assumption that the rv 
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reaction assumed, the figures obtained b 
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In order for such experiments to attain th 
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from which might be deduced also the conditi 
ribution of the tagged sulfur 
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exchange reaction (i.e., the fact that it is a first-order reaction with respect to 
both the sulfur and the thiuram at the same time), we set up experiments at 
only one temperature In these the quantity V—the volume of the solvent 
varied widely (0.7-3.4 ml.); as did p,, the weight of the thiuram (4.46-27.5 
mg and pz, the weight of the sulfur (0.7-3.4 mg 

As can be seen in Figure 12, the kinetic data coincide nicely with the equa- 
tion for a bimolecular reaction, thus proving without a doubt the accuracy of 
our expression for the rate of reaction 

Hence no doubt whatever remains that the thiuram is « apable of exchanging 
only two sullur atoms (2 4 

The influence of temperature on the values of the rate constant for isotope 


exchange, a, may be expressed (Figure 7) by the Arrhenius equation 


l 


sec.-mole 





An 





a? esenta t e: the 


200. 000 600% 


I/I 


ANALYSIS OF THE EXPERIMENTAL RESULTS 


From the « xperime ntal data presents d above, one can draw some detailed 
conclusions regarding the mechanism of vulcanization. Let us consider the 
process in stages Without a doubt, the first stage of the Vulcanization process 
is the dissolving and diffusing of the sulfur in the rubber It may be asked, can 
the diffusion or the solution of the sulfur be the limit 


y 
1iitl 


ing reaction in vulcaniza- 
tion; 1.e., can this by itself govern the overall reaction rate? Now we may 
fl itly rej et such a possibility on the DAasis ol direct ¢ X pe riment In the in- 


dustrial vulcanization process, the finely powdered sulfur is dispersed in the 


p 
rubber If C represents the sulfur concentration by weight during 


vulcaniza- 
tion; 6, the specific gravit f 


y of sulfur; and d, the size of the sulfur particles, then 
it is not hard to write an expression for the mean distance between two particles 


spersed 


| ilfur dvb/C In order for the sulfur to be thoroughly mixed 


in the rubber, it is necessary that the diffusion should pass through a mean 
distance of d’/2. This requires a length of time which is kne 
7 d'/2)?/2D, where D is the diffusion coefficient of the sulfur in the rubber 
For a temperature of 130° C, we may substitute the values: C 37,,6 y & 
g./ce D 2x 107° ex BEC d 0.1 mm Whence 7 5 i The 


» seconds 


wn to be equal to 


process of sulfur going into solution, i.« he transition of sulfur molecules from 
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sulfur to hydrocarbon, goes considerably faster still than does the diffusion of 
sulfur in rubber. We may confirm this by the fact that the process of th 
diffusion of sulfur from the surface, where the sulfur is in excess, must conform 
to a boundary condition which governs the cor incy of the concentration at 
this boundary This also denotes that, in the iu edu vicinity of the sulfur 
crystals, & saturation concentration of sulfur in the rubber is achieved almost 
instantaneously and is maintained at all times 

Consequently, the equilibrium distribution of sulfur in the rubber, under the 
actual conditions of the industrial process, is established within a few seconds 
after the start of the process, while the chemical reaction lasts for tens of 
minutes. Thus the actual vulcanization should be « onsidered as a homogeneous 
process, The heterogeneous stage passes 80 QuICcKIY that it can have no effect 


on the total rate of the process. 


9} 


-10 


0 Sate Sig 


Fig. 13 ! cissa represents log M (M 


From a consideration of the diffusion constant, on in draw some essential 
conclusions as to the structure of the sulfur molecules diffusing in the rubber 
It is known that sulfur as a liquid and as a vapor exists in th of polyatomi 
molecules, principally as a ring, Ss. In what 
the rubber? An answer can be given to this 
The diffusion coefficient of a variety of substar 
is governed in a definite manner by the molar 
or, in a rough approximation, by its molecular 

Figure 13 presents a curve of relation betwee 
various substances in rubber and their mole: 
that there is a definite correlation between the twe 
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stances with molecular weights*® ranging from 
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processes. The second stage may logically be supposed to be the following 


reaction 
CH;)2N(CS 


The (CH;),.N(CS radical attacks the S*s rings and splits off sulf 
from them There is a high probability that this reaction will take pl Lee 
the reaction between the free radical and the sulfur molecule requires only a 
very low activation energy And finally, the third reaction—the recombination 
of the radicals—should convert them back into a thiuram with exchanged sul 
fur in the bridge 


CH;).N(CS 
CS)N(CH 2 


Such a sequence of reactions offers a good explanation of the observed facts 
First, it is plain that the rate of the isotope ¢ xchange reaction and that of the 
reaction of sulfur combination with rubber are of the first order with respect to 
the concentrations of sulfur and thiuram Further, both reactions have the very 
same rate constant, since they both proceed in ar lentical manner The S 
group liberated as a result of the reaction detailed above has the properties of a 
free radical, and it unites with the rubber in some way The details of this 
reaction and the chemical structure of the resulting products are unknown at the 
present time 

The experime nts des ribed above demonstrate that the reaction of rubber 
with sulfur has not been exhaustively covered by our analysis of it as a linear 
combination reaction proceeding according t i first-order equation with 
respect to sulfur and thiuram The linear combination of sulfur is prevalent 
only at very low concentrations of sulfur (less than 0.1 per cent At the 


usual sulfur concentrations for the vulcanization process, 2-5 per cent, the 


secondary process of sulfur combination, at points where the sulfur is already 


greate! role 


bonded to the rubber, plays a g 
The curve of Figure 9 represents direct experim« | evidence of such a sec 
ondary sulfur combination. We are now able to evolve a preliminary hypoth 
sis as to the mechanism of this secondary combination and the part that it plays 
in the vulcanization of natural rubber 
earlier we considered the primary combination of sulfur with rubber in the 


form of the biradicals » S After such a combination, one might assume 


that the corresponding point on the chain itself would take on the properties of 


a very active free radical, and be capable of ar etivating influence on the 
saturated sulfur molecule, Sz When this happet S. ring should break 
open to form a biradical, which is able to unite the small chain of sulfur atoms 
with two fr wments of hvdroe irbon chains wi i na been activated by the 
primary sulfur combination 

Consequently, o nay suppose that the vuleas ion bridges in the rubber 
are formed by the recombination of polysulfide radicals, an ive a length of 
10 to 20 atoms of 

The possibility of the existence of polysulfide bridges, together with 
ones, had been 1 earlier by various authors, ! bly Dogadkin"* 

‘T his explat e chemical analysis data wi 


part of ll the combines ulfur was actually bor 
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MATHEMATICAL SUPPLEMENT 
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PROTECTIVE ACTION OF ANTIOXIDANTS OF THE 
PHENOLIC TYPE ON THE AGING OF NATURAL 
RUBBER * 


N. F. YARMOLENKA AND FE NOVIKAVA 


The tee hnological use of both natural and synthetic rubber is intimately 
in with the use of antioxidants or protective agents to inhibit the oxidatior 
the rubber by atmospheric oxygen 

Dogadkin and others' have shown that, in the absence of oxygen, rubber can 
deteriorate in the presence only of the most active radicals, and especially by 
the action of ultraviolet rays of wave length 4000 A, which cause decomposition 
of the molecular chains of the rubber by absorption of quanta of light energy 
This can be expressed as follows 

(CsHs) n= (CsHs), 

Ultraviolet radiation in the absence of oxygen, in the opinion of the authors 
leads to rupture of the C C bonds and the appr trance of chain fragments 1. 
free radicals. The latter, by reacting with hydrogen, can form small mol 
cules; at some concentrations of rubber, side-chain macromolecules can form 
during the reaction between the radicals 

Oxidation of any kind of rubber by molecular oxygen, as Kuzminskil and 
Lezhnev showed?, takes place by addition of oxyg 0 the double bonds of the 
main chains of the polymer molecules. The degree of polymerization, the 
presence of double bonds in the side chains of certain types of rubber, and the 
presence of aromatic rings and other structural diff i have practically no 
influence on the rate of oxidation of rubber 

Thus, the inhibiting action of antioxidants toward molecular oxygen it 
volves the same mechanism for any type of natural or synthetic rubber 

In the selection of antioxidants, it is necessary to consider the general prop 
erties of the particular type of rubber (presence of double bonds in the 1 


chains of the high polymer) as well as the general properties of all types of anti 


oxidants. In our opinion’ such properties of antioxidants must include thei: 
oxidation capacity and the presence of polar groups 
Proceeding from the above considerations, we ul rtook ¢ sten 
of the oxidation of rubber by atmospheric oxygen 
the polar properties of the antioxidants which d 
molecules containing the polar groups, to the 
molecular groups in the antioxidants, to the pos 
types of bonds between the molecules of antiox 
composition of antioxidants, ete. 
Since not all the double bonds take part i 
the process is not as a rule continued to compl 


* Translated for Runarre Cuemistry ann Tecun 


S.S.R. 1952, No. 4, pages 98-108 
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STUDY OF THE MECHANISM OF VULCANIZATION OF 
RUBBER BY MEANS OF RADIOACTIVE SULFUR. II * 


KUSHNER 


ment ol 


of isotopic ex 


sulfide) with sulfur 


s which constitute 
inizat W it ved j perim n the present study 
mental res nich m ndivid { umptie ns made in the 


prese nted 


THE MOBILITY OF POLYSULFIDE SULFUR IN VULCANIZED 
RUBBER AND MEASUREMENT OF THE AMOUNT PRESENT 


first wo! it was shown tha ' ng the vulcanization of natural 
combination of sulfur with the rubber is observed at the 
reaction between the sulfur radicals and the chains 
taken plac A similar conclusion can be drawn 
of sulfur combination in the presence ol sufficiently 
r cent n polybutadiene rubber, this phenom- 
We considered it as the formation of polysulfide 
bridges or cross-links between the natural rubber chains 
rrect, one would expec u polysulfide bridges to be 
temperature 
bond, which is known from 

27 OOO + 5000 eal per mole 
iS GIS880C] ( Wo Dom re broken, but closing of 
ation ol ‘Ji \ it onsequentl thermal dissocia- 
dge requires 27 cal, per mole With such a com- 
n energy of the polysulfide bri ne would expect 
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to the energy of dissociation of the polysulfide bonds, which has been d 


above 
We set up experiments to measure the mob ie coefficient of diff 


of chemically bound sulfur in vulcanizates at va is temperatures 


experiments, as will be shown later, (1) fully rmed the 


part of the chemically bound sulfur in vulcaniz 


the mechanism of ‘‘chemical diffusion’’, 
and recombination of the chemically bound sulfur; (3) made possible quantita 


whicl ie to reversible dissociation 


tive study of this process by calculating the corresponding diffusion for a simple 
model which presents the principal features of the system studied in the experi 
ment; and (4) showed that the activating energy of chemical diffusion, a 


experimentally, corresponds to the energy of rupture of : lysulfide bridg 
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EXPERIMENTAL METHODS AND FACTS WHICH CONFIRM THI 
MECHANISM OF CHEMICAL DIFFUSION O} BOUND BULFUR 


The apparatus in which the diffusion of bound sulfur was studied is pir 
in Figure 1 In general, it resembles that used in the preceding study There 
are, however, a few characteristic differences. ' measurements of the diffu 
sion of bound sulfur often last 5-10 hours, at 
conditions it is necessary to protect the specimens Tf! destructive action 
of oxygen In order to avoid oxidation, the apparatus in which the specime! 
were kept and which, as before, was immersed in oil in an ultrathermostati 
oven, Was provide d with a hermetic cover When | imen Vv putin the 
apparatus and the cover was screwed on, the interior w acuated with 
vacuum pump and filled with pure argon to a pre 
in the argon did not exceed 0.1 per cent 

The experiment was performed as follows 
vulcanized by radioactive sulfur S** were prey 
recipe was used: 100 parts by weight of rubber 
3.0 parts ZnO; vulcanization temperature 138” ¢ 
radioactivity of the sulfur used for vulcanization 

Sheets 1 mm. thick, from which round spec ni 
been cut out, were vul anized tefore the experiment, it was necessary to 
eliminate the free sulfur which did not react with the rubber. For this purpose 
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cimens were extracted with acetone for a week at room ts mperature 
| be seen from the res lite, this method of tr ating the specime ns eliminates 


4imost completely 


with a sheet of rubber, 
iifur. The upper 
310n Of the radioactive Sullur 
WAS suffici- 
articles the lowe 


sion proceeds, and 
e closely fitted together. they 


xperiments showed 
large degree on the 


the sheets are fastened. The two-layered 


in the apparatus descri bo Radio 


® upper surlace of the specimen was measured every hour: for this 
specimen was removed from the apparatus and measured by an 
face counter under 


laced in the he 


standard geometric conditions. Then th specimen 


ted apparatus and the latter w as rapidly evacuated 


described here, in view of their n; inert medium 
without removing the specimens from the the rmostatic o1 
easurements in the first part of this study 


not invol ’ it error 


ven 
' 


a8 special control ¢ xperi- 
erature was established within 2-3 


- 0 

ited apparatus For this reason, the 
not me than 2 per cent When a 

specimen was taken out Oo] ry quick hemical diffusion stopped 


altogether 


During thes periments, the appearance of the specimens did not change 
ven alter heating for 10 hours at 150° ¢ When they were heate: In air in 
Stead of an inert ga surlace destruction was observed within one 


We shall now discuss the 


most im 


‘ 


or two hours 
portant qualitative results which directly 


confirm the mee ! anism of che mit al diffusion desc ribed above 
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The most important fact is that the amount of ra 
the upper layer was large only when this upp 
diffused sulfur) was vulcanized rubber. If t 


‘ 


rubber, only mall quantity of radioactive 


} 


seemingly doxical results were verified 


ized and unvuilcani d rubbers The data fr 
in Figure 2 urve 3 describes the diff 
vulcanized natural rubber, curve 
synthetic polybutadiene, and curve 

It is important to note that the 


the Upper myer were prep red from the Sill 


Y 
canizates in the lower layers, but not with 1 

These experiments can be interpreted onl 
sion 

In fact, if the upper layer which serves as at 3 vulcanized, cl 
diffusion must continue until all the mobile radi ve sulfur is dist 


uniformly throughout the combined specimen, that is, when the concen 


i 


is equal in upper and lower layers, since both laye in equal nun 
sulfur groups subject to reversible heat diffu 
The fact that, in the case of vulcanized p 
used sulfur is much less than in the case of natur 
butadiene, there is much less mobile or 
the data presented earlier When thet 
it contains no sulfur bridges whicl 
Only a small quantit 
to the uniform distribution of fre 
sociation of the bridges in the lower | 
In the upper laver, the maximum concentr 
to the uniform concentration of free, that is 


temperature 


ANTITATI rUDY OF THE DIFFt 


ive a hasic differential e 
tion of bound (polysulfide) sulfur, and also tl 


eyard the chemi | equilibrium between 


vulcanizate and the issociated 
7 | 


the rate of the migration of sulfur 
part of the sulf which oceurs in the { 
If Ted stands Ol j oncentration ol 


zat n ‘ centration ol 


vhere p 


he differe: 
, 


element of volum 


this flow ean be 


where D is the cor ie! if diffusion o 
authors! Thi lantity of free sulfur is introdu 
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dV by means of diffusion Most of it is bound in this volume, that is, it is trans- 
formed from free sulfur into bound sulfur This is due to the fact that the con- 
stant of dissociation 6 is small with re spect to unity 
Consequently, it is possible to write the equation: 
0 u - ik ” i . 
dV -dt D dV -dt 
dt or 


or, using the relation between u” ar ‘ we obtain finally 


Ou’ Oru’ 
D 


or 
This is the equation of iemical diffusion” Formally it coincides with 
Fick’s equation, but in it the ive coefficient of diffusion is D’ 8-D, that 
is, the product of the true coefficient of diffusion of free sulfur and the degree of 
issociation 
id initial conditions, we must turn to 


is «at pit te | 


S 


Mididbddih ALE LE. 


f) 16 
aanmaeet ve terre rrr fT fer4- 
dt 0 


pemememetipg§hddgpahpppphpy yg 
A 





eu d be 








bye th regions 
Region I Region I] 
Ou’ f Oru’ 


D’ oy — 
or { OX", 
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The integral of the equation of diffusion under the initial and boundary 
conditions indicated has the following form (a detailed solution of the prob 
} 


] 


is given in the mathematical appendix at the en he article 


o(? | [ o({ t+ 


2vD't 2vD't 


where 


is the integral of probability; Co is the initial concer 
dissociation in the specimen. It is important to ne 
bound sulfur can migrate as a result of heat dissociation 
(for example, that directly bound with carbon or that which rea¢ 
oxide) undoubtedly can not be mobile at the temperatures studied 
reason, it is necessary to introduce the coefficient C'o/Crorai, Where Cr 
the total concentration of sulfur in the specimen (alter it 1s extracts d from the 
non-active sulfur with acetone 
We measured experimentally not the concentration of sulfur, but th 
activity, which depends on the value of yu (the coefficient of absorption B of thi 
particles in the vulcanizate), as well as on the concentration. The activity / 
measured during the experiment, related to the initial activity Jo, which takes 
place before the attachment of the film to the specimen, is expressed by the 
ollowing equation 
I 6 
kF (z) where z , the coefficient A 
u 2vb't 


and F(z) is the calculated function (see Figure depending on the 
uw. The theoretical curve //Jo, constructed in logarithmic coordinates 
in Figure 4. (The value of lg F(z) is plotted along the ordinates and lg 
the abscissa The thickness of the attached she enters not only 
z, but also as a parameter in the expression for e function F(z 
reason we calculated and plotted data for three thicknesses 6 (180, 240 and 
mk Most of the films used were of about this thickness Figure 4 shows tl 
the course of the relation: lg F(z f(lg z) changes very little when the tl} 
ness 6 is varied within the limits indicated. As was said above, it is necessa: 
to measure yw in order to construct the theoretical curves in Figure 4 For tl 
we used thin vulcanized films of natural rubber, which were stretched betwee 
the counter and the standard preparation of radioactive sulfur. Starting fr 
a rubber film of initial thickness 0.10 mm., it is pe 
films 0.2 mm. thick. As is known, with suffi 
assume J/J e* or In (7/1 pr. In] 
plotted as a function of the thickness of the fil 
weighing a film of standard area A linear 
m 333 (1/em.) can be determined, is obtained 

The coefficient of absorption yu was measu 
arrangement and the same position of the film 
specimen as in the fundamental experiments 


ceeding calculations 
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yn of coefficient 
7 120° ¢ 


vn quantities 
isured on the 
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It is clear that both curves (theoretical and experimental) have exactly 
same form, and can be superimposed by simple parallel transposition of the 
ordinate axes 

When the curves are superimpose d, the abscissa of the beginning of the 


ordinate of the theoretical curve will be equal to lg yD’, and the ordinat 


give the value lg k. Examples of this superimposition of the experimental 


points on the theoretical curve by parallel transposition of the latter are shown 
in Figures 6 and 7 

We were convinced that, in all cases, it is possible to perform this operation 
without any difficulty. The results of measurements of the values k and D’ in 
vulcanized natural and synthetic rubber at various temperatures are shown it 
Table 1. The values of k are corrected for the quantity o 
reacts with zine oxide 


TABLE | 


POLYSULFIDE SULFUR 
or “CuHemicaL Diry 


Natural rubber 


k 


10.0 
36.0 
39.0 


41.0 
24.5 


75.5 
66.5 
68.5 82 


62.0 87 


63.0 325 
59.0 115 
13.5 340 
39.0 50 
28.0 40 


From the table it is seen that the values of k in the 1rious specimens 


slightly; this can be explained by the fact that the specimens were prepare 


f 


under conditions of commercial vulcanization, and one can not expect complet 
uniformity 
All these variations of the value of k do not concea ifference between 
natural rubber, for which k averages 55, and s 
k~™ 20 per cent. Consequently, the difference 
havior of both rubbers are confirmed by 
chemical diffusion D’, there is a certain scatt 
comparatively narrow limits. This fact, the 
of D’ 8-D obtained experimentally and th 
tions, is per se a confirmation of the observed pictur 
the degree of thermal dissociation of polysulfide su 
change in the total quantity of polysulfide sulfur 
simply proportional to Co (k C'e/C wal 
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i0t too great and the pro- 
portional er ot all the experimental 
points on the coordin =e with introducing any correc- 
tions As is in be drawn through the 
experimental p f least squares, and obtained 
a value of the activating energy i 17 
The value of D’ as a function o rature is expressed by the formula: 


500 + 2500 cal per mole. 


Dp’ t ) 0/ RT 


ch according to our data is D 


It is evident that 
100° CB 3%, and at 160° 


0.006¢e77'*T then | abe at 
These : j t I | : of the degree of dissociation of 


pepe 
7 »! 


ind oe f 


migrant 
aT LI + 


concept of chemical 
fact is the practical 


beence ro f sheets of unvul bl are used as acceptors 
The coefficients o al diffusion D’, measu nder various experimental 


| 
eondal 


arious vulcanized specimens 


ittering wi does not exceed the limits of error 


coincide Bt 


t 20%, The relation between th cient of chemical diffusion and 1/7 
is exponential, and the energy of the process was equal to 17,500 


t 2500 cal. per 
from the following considerations 


n the constant of equilibrium be- 


is determined as follows 


sulfide sulfur; C’ is the concentration 
the concentration of vacant places 


it of dissociation of a bridge, that is 


icient, then 
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We know that [ 7000 cal. per mole, so that for the ener; liffusion of 
a polysulfide bond, we obtain [ 17.500 7000)2 21,000 cal. per 
We must compare this \ alue with that obtained f; the thermodynamic data 
27,000 + 5000 cal. per mole Since our value f{ (’ also incl t probable 
error of 4000-5000 cal. per mole, it is necessary 
the two values as satisfactory. A further precis 
diffusion and the thermochemical data on the en 


sulfide bond is desirabl 


STUDY OF THE CHEMICAL DIFFUSION 


Ebonite contains about 30 per cent by weigh 
One would naturally « xpect that most of the 
sulfide It can be assumed that sulfur diffuses 


mechanism of chemical diffusion as in vuleanizec 


If a thin layer of radioactive sulfur is appued 
heated, the sulfur will begin to diffuse through 


f ’ | 


Pahtaily 


replace the dissociated polysulfide bridges inside the ebonit in 


fusion: 


action is not limited to simple di 
only a part of the radioactive sulfur will remain free mobil nseque 
by measuring the coefficient of diffusion of radi i\ lf applied 

ebonite film, one can again determine xD, wher s the coefficient of diffus 


to 


of free molecular sulfur in softened ebonite, y is the ' if dissociation of the 


chemically bound bridge sulfur Unfortunate e value of D is not knowr 
separately. For this reason we can interpret the res mly qualitati 
comparing the energy of activation of diffusion wit} 


the polysulfide bonds. For comparison, we measured the diffusion of 
} 


the same temperatures in escapone, that is, reinforced rubber whir 
no sulfur. In it one would evidently expect an altogether different 


of sulfur mobility than in ebonite. 


MEASUREMENTS 


In measuring the coefficient of diffusion 
cles in ebonite 
The use of this method has been described 
is possible with it to measure quite low rates of 
thick more than 60 per cent of 
A given quantity of 1 
ohol was applied in 
nite or escapons 
The activity of the 
f cimen coated wi 
at a fixed high tem 
specimen, and the 
geometric conditio! 
specimen. The fall 
the coefficient of 
the effective coeffici 
At temperature 8 above 
is greater than 0.05 mm 


sealed up. The experiment wi: m 
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repared by the method described abo 


surfaces were pressed together 


were joined so that the sulfur- 
These specimens were then compressed 
na special apparatus and placed in a thermostatic oven for a short time (15-20 
minutes at 140” C or 10-15 minutes at 155° ¢ 
trated to some extent into the 


In this period the sulfur pene- 
specimen, but so little that the 
both specimens before and after heating was the same 


ilfur was concentrated in a thin s 


total activity of 
This is proof that the 
is possible to ignore the 


inf 
i 


irlace layer, 80 it 
ibsorption of p part les in the latter 
The prepared films were purified of possible residual undissol 
ibrasion of the surface layer with a fine emery cloth 
The specimen containing radioactive 
placed in the apparatus (Figure 9 In 


f vaporatvion Ol sulfur from the suri 


ved sulfur by 


in a very thin surface layer was 

order to exclude th possibility of 
rface, the surface was covered with a thin 
mica; the cover of h 


f the apparatus pressed the mica tight 
specimen 


10-15 mk sheet of 
against the 


: VT. ty 


le 


that at t 


its initial activity 7» was 
counter were put in 4@ 
measured at intervals 


emi-infinite bodies, the boundary 


ondition is C 
he diffusion equation 

ac’ 

at 


initial conditio! 
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Proceeding to the activity wi 


where pu is the 


mentary transtort 


w’yDt and 


(;auss integral of lities 
In tre 

method 
At constant te mperature 

1 xD are constants or 


fro! 


iting the expe rimental d 


the 


be 


Constructing the urvé 


rl 


theoretical « 
F=f (I 


experimental re 
which 


on 


eurves are 


Shifting one cur th 
placed 

obtain 
the ex 


possibilit ol cat 


Thus we first, a criterion for 


ments, since 


the 


degree ot ¢ 


second 


ulating the 


lisplace ment equal to ig 


we 


KPERIMENTAL RESI 


The res lits ¢ 
It is seen th: 


two indepen: il ¢ 


xperiment made 


theoretical curve 
x periments ; the « 
coefhici nt iffusion Is. 

.s 


The 
Figure 12 in the 
For ebonite 


results of the experiments wit 
D 


oefficient of diffu 


D 


coordinates lg x an 
the « 
temperature in the equation 
D = 4-10% J 

The acti 
corre sponds to the 


x 
x 


diff 


ating energy ol 


UsBION 


fusion. 


nt that the 


In escapone it 18 vide 
gether different; thi 
mole). 


cal 


obtain 


perimental points mn 


at 


obt iil 


value expected on the ( he theories of 


is reflected in the 
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' 


the sa 
ced along the abscissas t 


respe ct to the othe 


determi 
iust i 
ffir 


CO 


xD 


LI 


125 
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25 OOO cal 
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THE REACTION BE {EE SULFUR RADICALS 
AND THE Rl 


ved kinet- 
xistence of 


perin Was yjtain such radicals independently 
i “ i 

react easily 

obtained b ecules 1n Vapor 


cluster of these scuum, and a 
is bombarded with them n these ¢ xperimental conditions 
d only by the surface i I j rubber, forming in the 
ymolecular film vey s 8 not rin 


vestiga- 


tive sullur S and gion I ] POSSI Oo neasure 


hich constitut Cal 


1/7 N- 10 J 


of coefficient 


7 mm 
la Capli- 


was placed 


ver reservoir 
two thermo- 
neasures the 

second 

After a 
Wis heated 
perature ol 
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concentration of S’’, radicals at various vapor pressures in the reservoir and at 
various superheater temperatures can be calculated 

The calculation shows that, when chemical equilibrium is established, th 
S’’, radicals constitute 5 per cent of the total sulfur at 300° and 0.01 mm. vapor 
pressure, and 28 per cent at the same temperature and 0.001 mm. vapor pres- 
sure. At 450° C and 0.001—0.1 mm. pressure the radicals are almost 100 per 
cent 

After the rubber specimen was exposed for 10-20 minutes in the apparatus, 
the ovens were switched off and the rubber was removed from the vacuum 
The activity of the layer of sulfur which covered it was then measured. Next 
the sulfur was washed off with several doses of acetone for 3-7 days. Control 
experiments showed that this period is more than enough to eliminate all un 
reacted sulfur from the specimen. 








Apparatus for obtaining molecula 


The legend on the left center ind 


The specific activity of the sulfur used (0.04 1 ri ng.) was 
fully measured in advance For this reason, | easuring the activity 
specimens after rinsing, we were able to det ! ibsolute quantity 


bound sulfur on the surface 


EXPERIMENTAL RESULTS AND DISCUSSIO 


Only the first results obtained by this met! 
The y show be yond doubt that sulfur converted into 
bound with rubber at room temperature. The fact 
brought out of the nozzle, have a high temperature is of no importance 


experiment showed that chemical combination als 3s place on the un 


of the specimen (if it is not specially protected), tl is, after the 8’ 
paratus 
reached the temperature of the wall. If the monomolecular sulfur lay 


have undergone numerous collisions with the wall of the ap 
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dest ription of the Tunctions 1 


obtain A 
From the 


obtain 


The original 
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Transformed functions such as (1/p)-e~*’”” are often encountered in prob- 


lems of mathematical physics. Their primary 


where ® is the integral of 


yrimary function of 


0 


evbD't ) | 


rapidly and when 


d => 36 even for 6/2vD'-t 0.2, that is, when the time t 6*/0.16D’, the error 


With brief period 


does not exceed 5 per cent if all the members of the series except the first two 
are discarded 

In our case, 6 10°77 em. and D’ =~ 10 c.; hence, the maxi- 
mum admissible time is tc 10° sec that is, about one 


With shorter experimental times (and they actually were much less than a 
day long) and, consequently, with large ratios d/é, the error is considerably less 


Thus we shall use the solution of 


6 r 5 + 


| d : 
2vD't / \ ovpi) 


Now we turn to the calculation of the 
the activity 


isured in the experiment, 1.e., 
In a layer dz thick lying at a depth he quantit of radi tive sulfur 
inder the surface of the film is 


u';(z az 


The activity of this sulfur, measured by the ** times, 


owing to the absorption of §-particies 
Hence the total activity falling on the 


I af 


where a is the coefficient of proportional: nd p is tl oefficient of combina- 


tion, equal in our experiments to 333 « 
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Since the films were quite thick, this can be integrated to infinity 


Substituting the solutions obtained for u’;(x) in the subintegral function 
and integrating, we obtain: 


where z 6/2vD't 
In order to exclude the constant coefficient a, we measured the activity on 
the specimen before the experiment before it is covered with the thin rubber 


film 
aw o.. 
at total ¢ “2dr ( 
Jo 7 


This value is 
Introducing Co/C,, k, we can finally write the solution of the problem 
in the form: J/J; KF’ (z), where 


F(z 


crionne [1 0 (#2 +) 


The function F(z) "(6/2 D't) depends on the thickness of the film as 
well as the parameter 

The function F(z) plotted on logarithmic coordinates, is shown in Figure 4 
It was calculated for three thicknesses, 6, 180, 240 and 330 mk. 

In calculating the integrals of probability, with the factor z > 2, we used 
the asymptotic expression of these functions 


1)"I (n { ~) 


tnt l 


Z 


where I'(n + 4) is a function of the corresponding number 


The experimental data were treated as described above by theoretically 


calculating F(z) 
CONCLUSIONS 


The following general conclusions can be made on the basis of the work done 

1. In some rubbers, especially natural rubber, a non-linear absorption of 
sulfur in large concentrations (over | per cent) is observed at sufficiently high 
temperatures. Deviation from the simple kinetic characteristics of the process 
can be treated as a superimposition of a secondary process, in which additional 
sulfur is absorbed at the same points where it is bound with the hydrocarbon, 
by the primary process of combination between rubber and sulfur. Polysulfide 
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bridges are formed between the rubber chains 
of the total process of absorption of sulf 

2. This view of the 
of sulfur under ordinar 
130--140° ¢ 


fur 


This explains the non-linearity 
ur by rubber 


vulcanization process and 
] 


a the nature of the combination 
vulcanization conditions (S l~2 per cent and 7’ 

is confirmed by direct measurements of the mobility of bound sul- 
in Vuicanizates The 


mical diffusion” fully 
plains the « 


atl 
il 


sa iggested process of ex- 
bserved effects, and makes jt possible to calculate the constant of 
diffusion D’ and the amount of polysulfide sulfur in the specimen 

i’ f i 


2 Sulfur radicals which 


2 he great reactivity of the free 
rubber at room temperature, was proven 
of the action of sulfur Diradicals in the 


1 can react with 


This confirms an earlier hy pothesis 


inization 


process 
pro 
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STUDIES OF MASTICATION * 


Despite notab! r lurin ( ears, there is still much to 
dated regarding iemical reactions involv during what might be de 


scribed as normal mastication By normalr j ion i8 meant the processing 


7 


of natural rubber, without additives, on two-1 ( nills or in internal 


mixers, under conditions such that the temperatur he rubber does not ex 
ceed 100° to 120° ¢ It is known that, during such mastications, rubber mole 
cules are mechanically broken, that on an averag ver cent of oxygen 

bines with the rubber, and that at least some of this « reacts with the free 


radical ends of the broken rubber chains and pre s their recombination 


ACETONE EXTRACT OF MASTICATED RUBBER 


It has long been known that the acetone extract of rubber increases during 
mastication, although the acetone-soluble substances produced have not been 
investigated? 

Sheets of pale crepe, 1.0 to 1.5 mm. thick, were acetone-extracted in a Soxh 
let apparatus, in an atmosphere of nitrogen for nine hours The rubber was 
then placed in a vacuum-desiccator and the acetone removed from the rubber 
by passing a current of nitrogen through the de itor for twenty minutes and 
then reducing the pressure. Mastications were performed on a two-roll 9 > 


1 
) 


t4-inch mill, with the rolls running at a friction ratio of 2:1 The masticated 
rubber was then acetone-extracted in nitrogen for eight hours, and this second 
extract was examined 

The small extracts which were obtained after mastication defied analysis by 
conventional organic chemistry techniques gO re was made to intr 
spectroscopi measurements 

An extract obtained after rubber had been milled on rolls at 20° C for fifteen 
minutes amounted to 0.139 per cent of the rubber Its infrared spectrum 
was traced and included absorption bands at S40 and 890 cm, The trisub 
stituted ethylenic double bond group absorbs at 840 ¢m and bands at 40 and 
890 cm.~' appear in the spectrum of natural rubber A further quantity of 
rubber was given same treatment except that it was not milled between 
extractions and the second extract (amounting to 0.036 per cent) did not show 
infrared absorption bands at these two freq These bands were also 
absent from the spectrum of the original nine-h r acetone extract of rubber 

The materials producing the absorption ban ind $90 em.~! dis 


from the protein present in the pal rey nor from the acetone 


emanate | 


for the extractior since similar results were obtained using either depré 
ized pale crepe rubber or using methyl alcohol as the extractant 


The extract obtained after fifteen minutes old milling was tractionat 
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999 





1000 RUBBER CHEMISTRY AND TECHNOLOGY 


chromatographic analysis, using an aluminum oxide column. Five fractions 


were obtained 


A Insoluble in benzene 
B A benzene eluate 
( A chloroform eluate 
D. An ethyl alcohol eluate 
J An alcoholic potassium hydroxide eluate (acidified 
and ether-extracted 5.8 


‘ 


Lost on column 


100.0 


The infrared spectra of all five fractions were traced. Fractions A and E 
did not show absorption bands at 840 or 890 cm.-'. The absorption bands in 
these fractions appeared in the spectrum of the original acetone extract of the 
rubber. 

The spectra of the remaining three fractions (which increased in hardness in 
the order B, C, D) all showed absorption bands at 840 and 890 cm.~', and pre- 
sumably were materials formed from rubber by milling. Absorption bands at 
3500 cm. in all three spectra were due to hydroxyl groups. Fraction C 
showed carbonyl! absorption at 1715 em.-', presumably aldehydic or ketonic 
Fractions B and D showed a carbonyl! absorption band between 1730 and 1740 
em This is a high frequency for an aldehyde or ketone and it is unlikely an 
ester would be formed. From spectral considerations the band might be due 
to an acid, but benzene and ethy! alcohol do not eluate acids from aluminum 
oxide columns*®. The origin of this band is, therefore, unknown 


TABLE 1 
AmoUNTS OF FRACTIONS OF ExTRACTS AFTER MILLING 
Not 
Approx. temp. rolls (° C) milled 20 100 20 100 20 
Plastic ity (1/100 mm.) 670 475 390 335 254 135 
Total extract after milling (% 0.036 0.107 0.099 0.108 0.201 0.221 
tJenzene insoluble (°,) 0.004 0.013 0.008 0.009 0.016 0.008 
Benzene eluate (°7) 0.011 0.019 0.037 0.036 0.042 0.047 
Chloroform eluate (°,) 0.002 0.015 0.017 0.021 0.036 0.045 
Alcohol eluate (°%) 0.001 0.004 0.006 0.008 0.009 0.018 
Potash eluate (%) 0.009 0.015 0.013 0.009 0.015 0.014 


The absorption bands in the infrared spectra of fractions C and D appear 
in the spectrum of fraction B, but, whereas the spectra of C and D do not indi- 
cate contamination, the spectrum of fraction B does suggest absorption due to 
other components in the region 950 to 1200 em.-! The infrared spectrum of 
the normal acetone extract of the rubber used does show many absorption 
bands in this region A benzene eluate was obtained when unmilled rubber was 
extracted for a second time, and this extract was fractionated chromatographi- 
cally Accordingly the contamination of fraction B was due to the presence of 
part of the original acetone extract of the rubber (see also Table | 

The conclusion drawn from the infrared spectra that only fractions B 
(mainly), C, and D consist of materials formed from rubber by milling is con- 
firmed by the results in Table 1. These show that the amounts of these frac- 
tions increase with increasing mastication, independently of roll temperature, 
while the amounts of fractions A and E remain more or less constant. 
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The infrared spectrum of the acetone distilled from the second extract was 
identical with the spectrum of acetone. Therefore if any volatile substances 
were broken from the rubber during milling, they were lost to atmosphere during 
the mastication process. 


ACETONE EXTRACT OF AGED RUBBER 


In a further experiment, acetone-extracted rubber was aged in an air oven 
for forty hours at 70° C, and then extracted again with acetone. The second 
extract (amounting to 0.064 per cent of the rubber) was fractionated as previ 
ously described. The five fractions were obtained in approximately the sami 
proportions as when rubber was milled and not aged. The infrared spectra of 
the five fractions were traced and were similar to the corresponding fractions 
obtained from milled rubber 


DISCUSSION 


The infrared spectra of the fractions of the acetone extracts obtained after 
masticating and aging pale crepe rubber do not indicate any differences between 
the acetone-soluble materials produced during the aging and masticating pro 
esses. It therefore seems likely that the acetone-soluble substances produced 
during mastication are a result of an autoxidation sequence of reactions 

During mastication normal autoxidation of rubber occurs, but since 0.139 
per cent of acetone extract was obtained after fifteen minutes’ milling (ap 
proximately 0.10 per cent of which was produced by the milling, the remainder 
being residual normal acetone extract) and only 0.064 per cent of extract was 
obtained after forty hours’ heat aging (approximately 0.03 per cent formed by 
aging), the contribution of normal autoxidation to the acetone-soluble materials 
produced during the relatively short milling process would appear negligibl 

The currently accepted mechanism of mastication in air, advanced by Pike 
and Watson’*, is 


mechanical rupture 
xygen intervention preventing recombination 


> stable molecule 


From the results reported in this paper, it is suggested that one course for 
Reaction 3 is for the oxygenated radical to abstract an a-methylenic hydrogen 
atom inter- or intramolecularly. This transforms the radical to a molecule and 
at the same time initiates an autoxidation chain reaction. The acetone-solubl 
materials produced during mastication are, therefore, according to this hypothe 


sis, the result of a secondary reaction, the main chain scission not directly pro 


ducing acetone-soluble molecules It is to be expected that acetone-soluble 
materials would be formed if mechanical scission occurred near the end of a 


chain (the molecule which would form would have a relatively short h 


bon chain, with an oxygen group at one end It would appear from the 
results that scission does not occur near rubber chain ends, for this woul 


duce different acetone-soluble substances from normal autoxidation 

the anchorage of a short length of rubber molecule in the rubber mass is not 
sufficient to hold against the applied mechanical forces, and the length does not 
break off, but is pulled free 
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ELECTRON MICROSCOPIC STUDIES OF FILLERS IN 
RUBBER. III. EFFECT OF MILLING ON THE 
DISPERSION OF FILLERS * 


K1y1 Surro AND MASAFUMI ARAKAWA 


Cuemicat Lanonatories, Kroro Univers JAPAN 


AND 
HrrosuH1 HASEGAWA AND YONEMASA FURUSAWA 


Surmatisnt INpuerRiaL Researcn 


INTRODUCTION 


In the study of types of fillers which have a marked effect on the propertiv 
of rubber, information as to how the filler particles are dispersed in rubber is 
prerequisite. The authors have already reported! on the state « 
various fillers in vulcanized rubber, observed under an electron microscope b 


the replica method How the dispersion ol the st fille rs afte cts the prope rties 


of rubber is an interesting problem 


f dispersion of 


Since, in the earlier work, filler particl 
were observed to orient themselves in certain di 


tionship between the state of dispersion obse: 
of filler particles in rubber milled in different 
istics of the 


report the rela 


mixtures were examined 


EXPERIMENTAL 
RUBBER SAMPLES 


A masterbatch was prepared from raw rubber by 


mixing with an accelerator 
zine oxide, stearic acid, and sulfur 


This was divided into four equal parts, and 
two kinds of caleium carbonate (Hakuenka-CC and weakly 


f 


acidic cal lun cal 


TABLE 1 


Smoked sheet 

Zine oxide 

Stearic acid 

Sulfur 

Accelerator M 

H iKUCTIKA © 6 

Weakly acidic calcium 
carbonate 


bonate) were added by ordinary milling and by sir 

with the recipes given in Table 1 The ordinar nilling operation 
thorough mastication of the rubber by the usual reversal method : 
off a thin sheet The simplified method of milling was 


mriiyv i 
ix itt 


; ; r . 
anslate for KHER (eMIATH AN 1 RCHNOLOG J 
{ Japar pages 1-5 (195 
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taken off and t! re! ving as a thin sheet The conditions 


and with friction ratio of 


Villing of masterbatch To 1200 gran of previously roughly milled raw 

were added the accelerator M d, zine oxide, and sulfur in this 
1320 grams was mi) in 17 minutes 

To the mz rbatch mentioned above, divided into four 

ch of the two calcium carbonate 

d by the simplified method 


Ordinary 
Siumplihed 


Ordinary 


f hetwes n the rolls ().7 
mount milled 630 grams 
or 20 minutes One 


x 21 em. and 0.2 em 


| uicanization 


pieces were cut out in longi 
These were then tested for 


Longitudinal 
‘Transverse 
Longitudir 


Transve ree 


Longitudir 


4 - 
lransverse 


' . 
been described 


1ethacryl-alum 


the methylmethacry] 
beauti 


nega- 


»btained are 
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a 
a set 


o. 


ee ae 


Puoromicrocrarnu | Cross-section of rubber mixed w 
U ary method Longit idinal to the direc 


Puoromic ROGRAPH 2Z r io ibber mixed 
wainary ethod rane vere © the directa 
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‘ ~ 
neem 
— ar 


roMicnograrnu 3 rome of rubber mixed with Hakuenka CC and mille 
sun plihed hod mgitudinal to the direction of milling x 15,000 


SAMPLE LOADED WITH HAKUENKA~C¢ 


mentioned earlier?, the Hakuenka-CC was composed of fairly uniform 


I 
ly 


nbohexahedral p irticles about 40 Trips inh SiZe Ty pil al electron photomicro- 


PHOTOMICKOGHAPH roms of rubber mixed with Hakuenka CC and ¢ 
simplified 1 word 1 rae to the direction of milling * 15.000 
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as 
d > wv 


_ 


and by the simplified method ar 
sections longitudinal and transverse 
graph | shows the cross-section in the « 
the ordinary method, The filler parti 


lelrows. Photomicrograph 2 shows 
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jum carbonate and 
x YOO0 


milling, whi an | learly distinguished from the longitudinal cross-section 


by the vortexes particles as a whole, although parallel rows are seen in some 


parts Thi idency is also evident in the sample milled by the simplified 
method. Here the dispersion of filler particles is naturally poorer because the 


s not reversed or sheeted out thin. Photomicrograph 3 shows a cross- 


Puoromicroorarn 8 (Cross-section of rut rr with we ‘ ev eal im carbonate 
and milled by the simplified method rans ver e direction of ling x YOOD 
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section longitudinal to the direction of milling of ¢ ny mi y the su 


fied method. The particles are « lumped, not disp: , yet clearly extended in 
one direction as apparent chains of clumps. On the other hand. the ero 
section transverse to the direction of milling of t} mple vared by thi 
simplified method, as seen in Photomicrograph 4, show » such orientation of 
particles 


SAMPLE LOADED WITH WEAKLY ACIDIC CA M ARBONATI 


As mentioned in previous works’, the weakly) 
composed of spindle-shaped particles, with the rat 
axis about 4:1 The state of filler particles in the 
method and cross-sectioned in the dire: tion ol 
graph 5. Here the tendency of filler particles to arrange themse!] generally 


in one direction is seen. That is, the long axes of th pindies tend to lie in tl 


o-w ye) 
—__" 


direction of milling ' cross-section transve the direction of milling of 


f iii inhhy 


this sample, as seen in Photomicrograph 6. shows c mple nixing of particles 
J | | 


with no orientation whatsoever In the case o mplihned milling, as seen in 


Photomicrographs 7 and 8, no clear orientation is evident in either cross-see tion 


DISCUSSION 


The differences in physical properties of rubbi 
milling has already been re ported‘ In genera! 
lus are lower in rubber in the direction transv 
The differences depend on the kind and quantit 
milling, and the vulcanizing conditions. As show: 
in this experiment show such a tendency Th 
ing to current theories, to the grain or calende 
depends on the molecular orientation of rubbe: 
particles. The effect of the former disappears 
other heat treatments, and therefore can not 
microscope The effect of the latter is « vident 

The arrangement of filler particles, as obser 


j ii 
scope, 18 shown diagrammatically in Figure | 
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the filler particles : learly seen to be arranged along the direction of milling, 


but in the ce clion transverse to the direction of milling, no such orientation 
of particles viden In Figure | the filler particles in the transverse cross- 
arranged, ; rdinaruly are Moreover, the num- 
area, th he particie density, ne same in any 
On the contrary, the particle den yu iongitu- 
1d 1OW parts 
8 stretched mo! 
in the longitudinal direction because of the presenc 
filler parti and showed in general lower tensile 
the presence of h r density zones of filler particles 
int of filler in the rubber, the difference between the high and 
sities becomes small, thus diminishing the effect of particle 
ussed above, the simplified 
jute particles, such as Hakuenka-C( 
naturally very marke« kiven then 
| milling is 
sical propel 
simplified method are inferior: he of rubber 
method. With smaller filler particles, more prolonged 


ree 
Ail 
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THE PROTEINS OF HEVEA BRASILIENSIS LATEX.” I. 
PROTEIN COMPONENTS OF FRESH LATEX SERUM 


B. L. ArRcHER 


Berrien Russen Proovcers’ KReaear 
Wetwyn Garven Crry, Heatrorpsnin 


AND 


SEKHAR 


Analytical studies! have shown that fresh ur 
tains about | per cent of protein, part of which is 
rubber particles, while the remainder is distribute 
phase of the latex and the lutoid substances first deseri 
Gils?. Although it is generally recognized that tl 
latex i8 an important factor controling its coll 
tion on the concentration and properties of th 
and their distribution between the above three 
understanding of the colloidal behavior of latex 

The present paper describes investigations 


serum sefore 1942 the presence of three prot 


been demonstrated Similar fractions were i obtained from amme 


dified the properties of 


if ied @] trophoreti anal 


Roe and Ekwart*®, who 


preserved latex, though the presence of ammonia 


proteins in some respects*. Later, a more ¢ 
the proteins in unammoniated serum was car! 
demonstrated the presence of seven electrop!| 
pone nts 

The present paper confirms and extends mar 
[t is shown that the properties and composition of la 
longed freezing of fresh latex differ in certain imp: 


obtained by centrifuging the latex 
EXPERIMENTAL 


MATERIALS 


Freeze-dried serum All experime nts were carried out 
same eighteen mixed clonal seedlings growing at the Rubbe: 
{ 


of Malaya I xperiment Station, and tapped reg ilar] 
day tapping system. Latex collected in glass v« 


ice and salt did not separate into three distinct 


huging soe below and did not yield a ele fil ‘ 
freezing. The latex was, therefore, collected 
aluminum tapping cups. The collection pe 


the first runnings from the tree were not 


* Reprinted fror 
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reezing at 
nm was often 


fuged 


differ 


Alterna- 
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tein directly for N, it was therefore necessar ( rt he | ipitate wit} 


benzene before drying it at 105 

Paper electrophoresis.—For determining the 1 ber of electrophoreticall 
distinct proteins the serum solids, paper el phore on Whatman no 
paper wasused. The apparatus was a modification of that described by Kunkel 
ind Tiselius’, with 0.05M sodium veronal buffer (pH 8.6) as the solvent medium 
To improve resolution of the proteins, the paper was separated from the sup 


porting plates by narrow strips of polythene 0.06 inch thick, parallel to the 
edges of the paper After electrophoresis had oceeded under a potential 


gradient of 4.5 v/em. for 1000 minutes, the paper w dyed with 1° bromo 


phenol blue anol, as recommended by ‘ el | ‘Tiselius lLLleetro 
endosmotic flow was corrected for by the use of 


After drying, the paper was cut into strips i mount of d 


i {] t 
strip determined absorptiometrically after elution with 0.01M NaOH 


an KEL photoelectri SCHnneT whic h yave mu ( i] 1 results 


dye-elution technique, was used 


TABLE | 


ELEMENTARY ANALYSIS OF Dry 


H N > | 
Average for 27 57.6 6.19 4.01 0.23 1.04 
samples 
Standard deviation 0.66 0.10 37 «6~=0.07 0.25 
Average for 6 C $9.7 6.45 52 O16 0.74 
samples 
Standard deviation 0.38 0.15 0.02 0.14 


* Determined or amples of averag otal content 


The determination of prot in concentrati 
attempted, in view of the arbitrary assumpt 


tions! 
RESULTS 


Analyses of late r-serTrun solids An extensive 
ples, collected over a period of 18 months, is su 
With the F solids, the three methods of deter 


above, gave concordant results. Completene 
dialyzing the filtrates against water at 0° for 
biuret test was obtained The N content « 
t+().2) per cent For converting protein 
version factor of 6.58 is therefore recommended 
With solutions of the C solids, precipitati 
monium sulfate was incomplete, the filtrate 
heating to 100 Precipitation with 20 per ce 
tannic acid yielded filtrates which gave 
methods (b) and (c) were therefore used for the 
N contents of the dried products were 
the precipitated proteins from F solids 
ean, therefore, be used to convert protein 


ever, the yield of protein from the C solid 
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corresponding to a protein N content of 2.7 per cent. Determination of the 


} 
protein N by difference, from analysis of the supernatant, gave the same result 
Table | 
{ 


pH changes in reconatiute d serum The F solids dissolved readily in distilled 
| 
, 


water to give clear pale-yellow solutions C solids also dissolved readily, giving 

nost colorless solutions which were slightly hazy In both cases the solu- 
ys, when freshly prepared, possessed a slight but pleasant odor 

At concentrations of 5 and 0.5 per cent (w/v) the F solutions had pH values 

64+ 0.1 and 6.6 + 0.1 respectively immediately after dissolution No 

urred on allowing these solutions to stand in air at 20° for 

H values of the C samples immediately after dissolving 

vanied between pH 7.3 and 8.1, at 5 per cent con- 

at 20 } f these solutions decreased 


er 3 hours (curve 6 An 


~ 
ee 








4 4 A — =k — 
75 100 125 150 175 200 
Time (mir ) 


the solutions were kept under pure 

n of the C solids was heated at 90 

of pH occurred after cooling (the 

iall increase in pH of about 0.3 unit 
' solids is probably due in part to production 
ld be detected by | acetats paper alter the 

luti had been s for half an hour or mi in a closed vessel 

Protein components of reconstituted serum.—The number of individual pro- 
roteoses) in olids, detectable by electrophoresis, was deter- 

total protein with saturated ammonium sulfate 

i 1 by dialysis at 0° against 0.05M veronal buffer 
of the total protein in the buffer was then subjected to 
retic diagram is shown in Figure 
ve been numbered 1-7 in order of 
nereasing anionic mobility It is clear that fraction | is positively charged at 
pH 8.6 igure hows many resemblances to the schlieren diagrams at pH 


8.43 obtained by Roe and Ewart® for the frozen latex serum of Florida and 
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Sumatra latex. The lettering of the individual protein fractions given by thes 
authors appears to be related to ours in the following way (our protein no, 2 was 
not detected by Roe and Ewart; protein VII de bed by them has not been 
detected by us 


Roe and Ewart II L\ 
Present work | 


Since precipitation by trichloroacetic acid « cid results in the 
reversible coagulation of some of the protein compo! nd precipitation 
saturated ammonium sulfate is incomplete with 1 ids, solutions of 


latter were prepared for electrophoresis by d ilvzing, at i concentrated 


tion of the solids against 0.05M veronal buff ) f 24 hours 
' ‘ 
i 


typica electrophor tic diagram is included in 


been detected in all samples tested 


EK flect of ammonia on the proteins of f 
when the serum from frozen latex was t! 


protein components detectable by electre 


months, only two components of the o1 
though it is not entirel lear which these 
i the larger concentration appeares 
It was noticed that the 
4 Sar put 
cent (Ww i ous NH 
then neutralized 
saturation with 
mixed to pastes wi 
resulting solutions 


show 
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concentration of one of the main protein components (no. 4) of the 


decreases rapidly and is barely discernible after 15 days’ am- 


ncentration of the other main component (no. 5) appears to 


[2 = 


nger detectable after 15 days’ ammonia- 





solution 











Initial posi 
ntact with ammonia 
H 8.6) for 1000 
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(c) The concentrations of components | and 6 dimi 

d) The anionic mobilities of components 5 and 6 ine! 
nobility of component | decreases slightly, as the time j 
increases. The mobility of component 4 does not cl ge appreciably witl 


time 
DISCUSSION 


It is apparent from Table 1 that the percentage of oxygen in fresh latex 
serum solids must be high (about 40 per cent ’ uld be expected from the 
fact that the polvhydric alcohol quebrachitol is now! ) n ) omponent 
of the serum" At least part of the difference bets n tl von and hydroget 
contents of the F and C material was due tothe C 1 I ill containing small 
amounts of rubber hydrocarbon. The ratio of p n nitrogen to total nitro 
gen is approximately 50 per cent in the F and 60 per cent in the C solids. The 
difference in the actual protein contents indicates that nearly 30 per cent of the 
serum protein in fresh latex is lost by coagulation during long freezing of the 


latex The possibility of some hydrolysis of protein during this process cannot 


be ruled out, in view of the slightly higher nonprotein nitrogen content of the 
F solids However, the fact that the phosphor is content also apprecial ly 
higher in the F material suggests that it is phospholipid, initially associated 
with the rubber particles, which is partially hydrolyzed during the freezing 
process with passage of phosphorus and base nitrogen into the serum phase 
The ready hydrolysis of latex phospholipids has be lemonstrated by‘ previous 
workers" 

The decrease of the pH value of solutions of the olids in distilled water 
attributed to the presence of an acid-producing et r bacteria. With th 
F material, this enzymic or bacterial action has already proceeded sufficient] 

apparently, to give a constant pH of approxi Al wart 
also observed that the pH of unammoniated serum prep d from frozen latex 
was 6.4 and that the serum could be kept at — 20° for several months without 
change 

The electrophoretic diagrams for the F and C 
similar, indicating that the difference between the s 
concentration Howey a difference in the naturs 
indicated by the incomplete precipitation of protein { 
tion with ammonium sulfate and the 


heating to 100 From Figure 2, prot 
h F and C solids 
Our results showing the effect of ammonia 


consistent with those of Roe and Ewart®, if all 


components in hot 


storage periods The two proteins observed b 
ammoniation were presumably components 
importance, as regards concentration of proteir ! 
is apparent 


SUMMARY 


1. The aqueous serum phase of unpreserv 


S18 has bee n separ ted in two ways a by higt 
prolonged freezing at The protein content 


proximately 18 bY it, respective 


| c l f 
coagulation of pre in during prolonged treezit 
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2. There is evidence that organic phosphorus compounds (probably phos- 
pholipids) are partially hydrolyzed during the freezing process, and that enzy- 
nic or bacterial reactions occur, le: w to a fall of pH of the serum. 

til 


4. In both types of serum, seven-electrophoretically distinct protein com- 


ponents have. been detected, one of which is positively charged at pH 8.6 


4. After treatment with dilute a onl ition for 15 days, only two of 
the origina I components are read resolvable electrophoretically 


(ore of thes« 


omponent of the unammoniated serum 
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EXPERIMENTAL 
MATERIALS 


Freeze-dried serum solids prepared by the Rubber Research Institut 
Malaya were used throughout. The aqueous serum phase of fresh unammoni 
ated latex was obtained by prolonged freezing or by centrifuging the latex, the 
serum being then freeze-dried, in the way already described! As before, / 
solids and C solids refer to the serum solids obtained from fresh serum prepared 


by the freezing and centrifuging techniques, respectively 


METHODS 


Elementary analyses.—N was determined by the micro-Kjeldahl method 
ind ©, H, and ash by Pregl microcombustion The S content of the ash and 
gaseous combustion products was measured turbidimetrically as BaSQ,, after 
complete dissolution of the ash in dilute HCl. P was determined colorimetri 
cally with ammonium molybdate, after wet oxidation. All samples were dried 


to constant weight at room temperature in vacuo, befo 


Electrophoresis Paper electrophoresis measurements were 
described in Part I 0.05M sodium veronal buffer (pH 8.6 
Measurements in the Tiselius apparatus were made at 0° and current 


Solutions for electrophoresis were prepared in veronal buffer (pH &.6 
strength 0.1), the solutions being dialyzed against a large volume of the 
for 24 hours at 0° before use. 

Fractionation of serum proteins.—Two methods were examined 

a) Following Kemp and Straitiff‘, solutions of the F and C serum solids 
in distilled water, were partially precipitated with different concentrations of 
ammonium sulfate at 0 After 16 hours, the precipitates were centrifuged 
down and dialyzed for 24 hours against 0.05M veronal buffer (pH 8.6) at 0 
The resulting solutions were analyzed by paper electrophoresis 

b) Total protein was first precipitated from a solution of F solids in water 
by saturation with ammonium sulfate, and the precipitate dialyzed against 
0.01M trisodium citrate at 0° until free from sulfate The resulting protein 
solution was clarified centrifugally and its N content determined. Portior 
of the solution were then diluted with sodium citrate buffers so as to cover the 
pH range 4.0-5.2 at ionic strengths varying from 0.02 to 0.25, or the pH range 
2.1-~-3.6 at ionic strength 1.0 (due allowance was made for the trisodium citrate 
n the protein solution after dialysis). After centrifuging down the pre 
tates, the clear supernatants were analyzed for N and their pH values checke 
by means of a glass electrode. All processing was carried out at 0 The 
cipitates were dissolved in 0.1M veronal buffer (pH 8.6) and examined 
homogeneity by paper electrophoresis 

Isolation of purified a-globulin.—The procedure finally adopted for isolati 
the a-globulin of the latex-serum solids was based on method (bh) above 
10 grams of F solids were dissolved in an equal weight of water to give ay 
cally clear solution. Saturated aqueous ammonium sulfate (A.R., 600 ml 
then added and the mixture maintained at 0° for 1 hour 
protein was centrifuged off and washed by resusp: 
ammonium sulfate. The recentrifuged protein was 
little distilled water, and dialyzed in cellophane bags against 0.01 
citrate at 0° for 48 hours, with several changes of the latter solutio 
most of the contaminating ammonium sulfat The resulting 
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Solubility of serum proteins in citrate buffer.—The over-all solubility of F 
proteins in citrate buffer at 0°, as a function of pH and ionic strength 

/), is shown in Figure 2. The pH of minimum solubility is well defined at 
] 0.02 or 0.04, but less so at higher ionic strengths Above approximately 
pH 4.5, the solubility of the total protein increases with increasing ionic strength, 
while at lower pH values the reverse is true. The pH of minimum solubility 
falls from 4.7 at J = 0.02, or 4.5 at J = 0.04, to about 3.4 at / 1.0. Paper- 


electrophoreti measurements indicated that an increase in ionic strength gave 





4 ry y r " a 


0 12 14 
(b) 


i 4 6 0 1 
QO J 
——— 











1) I is and 
sl buffer (pH 8.6); potential gradient 


b) C solids Elec 


ofr heterogeneit These results a 


) to solutions in 


ppl 
the initial protein concentration was low (approximately 0.2 per cent 

Further experiments at pH 4.5 showed that a gradual increase in the heterogene- 
cipitates occurred if the initial protein-N content of the solutions 
Use was made of these results in choosing conditions 

a-globulin, as described in a previous section 
a-Globulin of latex serun Ty pi al paper electrophe resis diagrams for the 
freshly prepared a-globulin of F and C serum solids are given in Figure 3. Pro- 
nounced ‘tailing’ of the a-globulin spot occurs, when veronal buffer at pH 8.6 is 


used, owing to the ease with which the protein is adsorbed on filter paper 





r- GLOBULIN IN HEVEA LATEX 


The globulin of the F solids is indistinguishabl 
adsorption prevents ready detection of hete: 
components owever, using the Tiselius a 
Figure 4) showes e presence of two mino! 
amounting to approximately 10 per cent of thi 
purity is probably protein 6, detected previ 


Ascending Descending 
(a) 


Initial 
boundaries 


After 
70 min 


gas 
bat di 


| 
! 


(b) 


Inicial 
boundaries 


After 
60 min 


+ if 
i: 


ta is 


Elementary anal 
exhaustive dial ysi 
in the table are ana 
of which is belie ver 
Qualitative an 
probably left from the 
traces of Mg, K 
Color and prec Pp hati reactions 
were obtained : biur« unhydrin, xanthoprot 
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indicat- 

with the 

i, except 

ired a glob- 

and in acid solutions 
water Determinations of 
sodium acetate buffers of 

ed solution of the protein which had 
All meas- 
lubility of 


ar results 


T 
zed again VM sodium 


it 


iQ 
slightly 
rapidly 


OULN 


AND PROTEIN A 


15.7+0.1 
52.1 
6.7 
0.06 
0.01 
0.4 


verature on the solu 
} mnie strength being 
coagulation produced by heating at 
cent) at pH ilues between 


HH S.7 


i ' 
decreased 


protein 


at pH 7 ionic strengths 


nail 


DISCUSSION 


fresh latex 

is procedure 

en protein 

i 1 serum solid rhe electro- 
yrecipitated at other concentrations of ammon- 
not suitable tor purifying the a-globulin 
mn between a-globulin and Kemp and 
marked in! itrogen, sulfur 
oug! ilues for sulfur obtained by Kemp and 
part to their preparation not being completely freed from 


lified latex serum was reported to 


negligi 
4 hegiigil 


ble phosphorus content 





e-GLOBULIN IN HEVEA LATEX SERUM 


after thorough dialysis of the protein. Bish 
protein A is in good agreement with that of a 
that the material obtained by Bis} Op was at 
solubility was reported to be small except 


freshly prepared, a globulin is readily soluble 


latex serum reconstituted from F or C serum s 


The value of 15.7 per cent for the nitrogen 
ble phosphorus content and the negative re 
that it is not a conjugated protein 


SUMMARY 


1. One of the two major protein componer 
been isolated by an isoelectric precipitation me 
for the precipitation have been determined 

2. Attempts to isolate this component b precipitation 
total serum proteins with ammonium sulfa ive | heterogene 
products 

3. A preliminary examination has been 
Analytical and solubility data indicate that it 


prosthetic groups 
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CHROMATOGRAPHIC DETERMINATION OF 
RUBBER IN PLANT LATEXES * 


Doravo EK. BERNAL 


INTRODUCTION 


graphy isi 


erodeterm! 
ucts 
iphu 


UPrpose 


0 002-0.010 


PAPER PARTITION CHROMATOGRAPHY 





CHROMATOGRAPHIC DETERMINATION Ol 
substances, and (2) the dispersing medium « 
hydrophilic substances. In the first part of the 
the present report, we devoted our attention t 
phase and to the isolation of the rubber in tl 
possible 80 that a quantitative determinatio! 
The two essential methods of paper chro 
aqueous phase and the method of inverse p! 
this study of latex because of the complexity of the globules in suspen 
result of which the adsorbed layer which envelops the globules gives 
mixed lypohydrophilic character 


As a consequence, we were obliged to resort to impregnation « 


intermediary liquids, such as formamide and pro; ie glyco In addi 


we utilized for the development mixtures of organ vents saturated 
water in place of the impregnating liquid itself, : rdinarily done 
result of having tried several mixtures of liquids was found that it 
sary to use two liquids having considerably different eluating powers (¢ 


series of solvents 


EXPERIMENTAL TECHNIQUI 


In the experiments, fresh latexes of Ficus elastica, kok-saghiz, an 
brasiliensis, all preserved with ammonia, wer he Hevea latex 
per cent concentration and was diluted 100 times per cent amm 

In each case the tests were made with drops of | x of the same 
ie.. 0.004-0.005 ce The test-papers were Durieux 
man No. 1 paper. The paper was washed, first with « 

95 per cent alcohol. It was dried, first in air, then in a 


] 


hours Immediate afterward it was impregnated by 


impregnating liquid (1:1 formamide-methanol) ; the stri 


an oven at 60° C for 2 hours. 


On these strips of paper were placed dro 


The development was carried out und 

a chloroform-methanol-water (10:8:5) mixtu 
using the chloroform phase of this mixture 
tained after eight hours’ development 

After drying, the spots were brought out | 
in Oil B ue N \ in al ohol solution at 45° ¢ 
for the spots to appear. Detection of the 
necessary is to keep the chromatograms in 
four hours. They are then washed with 
spots of rubber tetrabromide ¢ ype 
enough to stand out on 
to reap] 
water 


In all three 
chromatograp! 
original 
spot a 
sand h. the 
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ibstance 
two bands 


represent BuUbsLances ol COM picx pature and 5 hv OBE . y I) method 








described here 


pose was, alt 


the dispersed 


nonrubber phas ld 1 se of sp metho 

Although Oil BI I used successfully for revea po it is of 
no utility for further 1 ition, for no pecifi ! I It was 
therefore, necessary to experiment further to ne beyor ubt whether 
spot a definitely represented rubber hyd: 
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Qyne of the expel 


was 


arated by cuttin 
colorize them, were 


and, 
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SOLUTION TESTS 


out in the 
iatog 


I riments carried 
to make solution tests of the chron 
ng up the paper strips and a 


treated for several hour 


after drying, the strips of paper were | 





ame intensely colored 


ating their complete 


i 


that only the lows 


upper spot disap pe 
solution in l igure 
These chr 


without 


ubbe I 
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PREATMENT WITH BROMINE 


In these experiments, vario 
under the same 


us chromatograms were prepared and developed 
conditions In one of the chromatographs, the spots were 
brought out by means of Oil Blue N 


chron 


matogram was used as the 


xposed to the action of bromine 


with water to « nate excess 





of Hevea latex 
Detection « 


le 


] mere 


It was thus proved | ire 3) that the only spots which, under 
of the rounded form, which have 
ing operation They are white have 


aracteristic properties of rubber tetra- 
iltered on heating up to 80° C, but above this 
ire they commence to decompose, as evidenced by their 
re or less pronounced yellow, with a deeper ring. This cha 
lized to render the 


emain visible are thos 


re- 
action of acetone in the preced 
defined borders, and show the cl 


These spots remain un: 


becoming 


wistedidile dia % 
spots permanent 
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The bands on the chromatograms are not altered by the action of bromine 
and they remain invisible, but they can be rendered visible, without using any 
coloring agent, by simply exposing them to ultraviolet radiation, which imparts 
to them a yellow fluorescence. It should be added that this phenomenon bears 
no relation to the action of bromine 


" Chromatograms of different 
Method of detect y bromine The white spota numbered 1, 2 


These experiments warrant the conclusion tl] 
well defined R,, represent unquestionably rubbe 


bands represent the nonrubber components 


PARTITION COEFFICIENT OF THE RUBBER HYDROCARBON 
Once having accomplished this chromatog: iphie separation of rubber hyd 


ifO- 
1 latex, it seemed that it might be 
partition coefficient R, of the rubber hydrocarbon 


carbon direct fron 
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Hevea latex on the one hand and drops of a 1 per cent benzene solution of rub- 


ber separated from the same latex on the other were developed on the same strip 
d that the R, of the rubber hydrocarbon was the same in 


of paper. It was foun 
the two cases 
In another experiment, latexes of Ficus elastica, Hevea brasiliensis, and 


kok-saghiz were developed on the same strip of paper. The results are shown 


Figure 4 and in Table | It will be seen that the three values of Ry are 


roximately the same 
To obtain an idea of the effectiveness of the method, an effort was made to 


ind out whether, by this method, it is possible to detect the presence of rubber 


ry low percentages of rubber 


jp 


drocarbon in plant latexes containing ve 


Chromatographs obtained from Euphorbia lophopoga and from Euphorbia 


TaBLe 1 


DEVELOPMENT BY CHROMATOGRAPHY OF LATEX FROM 
DirreRENT Rupser PLANTS 


(COMPARATIVE 


Development Paper 
solvent Whatman No. 1 


Hevea brasiliensis Chloroform-methanol Formamide impregnation 
water (10:8 5) of pieces 
38 X 18 em 


Ficus elastica 
Kol aaghiz 


e 6.5 hours Temperature 23-24° ( 
tance traveled by substance 


rima showed clearly that these latexes resemble the latexes previously 


ed in that they show on the one hand an intense fluorescence (from the 
1, on the other hand, the characteristic spot of rubber hydrocarbon 


ins ine 
The distance separating the two fractions is, however, less in the chromatograms 
of kuphorbia rubber than in those of the other rubbers 


CONCLUSIONS 


Partition chromatography on paper makes possible the separation of rubber 
ydrocarbon from latex. This method offers a means which is both simple and 
rapid for determining the presence of rubber in plant latexes and for the sub 
sequent estimation of its percentage in a given latex. The method also gives a 
fraction which is composed of the nonrubber components. In addition to this 


the method makes possible a comparison of the partition coefficients of rubber 
nydaroc isolated from latexes of different plants 


if 


rim now in progress, the purpose of which is the application of 

iatographic method to the rapid determination of plant rubbers. By 
ity, this method unquestionably has certain advantages in the identi- 
fication of rubber in any particular flora and in studies of this hydrocarbon in 
its various phases of the biological cycle of the plant. 


its simpli 
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PREPARATION AND USE OF CYCLIZED RUBBER 
AS A STIFFENING RESIN IN RUBBER * 


JANSSEN 


ir liquids is that the cohesion- 


magnitude The permissible 


, 
i 
rht is increased, and a solution 


yrene separates into two layers at room 
ve 2 per cent, whereas low-molec 
completely miscible. The un 
n apparentivy homogeneous state 
ire is chosen Presumably the ex- 
allows them to be caught and dispersed 
lient between the rolls 
not stable and tends to separate into the components on 
inization of the rubber, can be deduced from the bend- 
e towards the strain axis generally an indication of 
icture for many material This tendency to irre- 
be sup 
f primary bonds hetween t} “ y] rs There 
is to produce ich bond vulcanization (if the 
ited 2) mastication in an inert atmosphere; (3) 
number of such bonds has been formed 
lymer can no longer be extracted from the vulcanized compound by 
| ve has disappeared 


mbinations of rubber and a second polymer 


etunction, appears to consist of some simple 


omponent polymers, for two rebound 
the temperatures characteristic for the rub 

ner (Figure | At temperatures between these two 

inima pecial t hanical behavior of the combination becomes apparent 
for then the added polymer reacts as an indeformable fille “ : fast de- 


ery slow deformations it may absorb mechanical 
fference in flexibility of segments of the two poly 

| ls intermediate rates of deformation 
model (Figure 2), with the rub- 

elastic springs and the molecules of the added polymer 
without elasticity If the rubber predominates in the 
e of interlinking is sufficiently high, there will be rubber 
with every viscous molecule and Element III 
eglected ‘he combination should then possess a high 
permanent set, and should therefore be 


ich leatherlike properties are desired 


pages 718-22, February 195¢ 
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100 


Lupke 
rebound 


| 


| $0 








=a hee + 4 4 


-70 -50 2) 


Fig. 1 Kebound temperature curve of a compound with 50 


rubber To the left, the minimum caused by the rubber 


A disadvantage is that the added polymer is homogeneously dispersed and 
bound to the rubber, so the crystallization of the rubber is depressed and the 
tear resistance is low 

A further consequence of the addition of a viscous polymer to rubber and 
not 


covul anization 18 an increase of modulus for the lov resin moles ules are 
able to follow the rate of deformation applied during the modulus determination 








Fis. 2 Spring and dashpot mode I] Retarded elaat 


rubber and resin 
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“r part of the strain must be taken up by the mobile rubber 
Its in an increase in stress. The increase of modulus ob- 
amount of resin will thus d id on the mobility of the 
characterized by the mini- 

iperature graph of the modulus at 300 per cent 
ites with 50 pal f vari s resins to 100 parts of rubber 
T,, Values of tl ins (determined with the Lipke 

he stiffening a 10 sins can indeed by described 


| 


ir on the market was cy¢ lized 


war this product was superseded 


ich have captured a large portion of the 





ittempts to rein 


ittention ol 


ivgent KnNOWD as 
experiments by 
ibstances that catalyze 
evelization of rubber and, 


ited, are sulfuric acid, aro- 


ind boron trifluoride In ac- 


reaction 


le bonds of the rubber to take part in ar chemical 
anges taking place under the conditior ‘ ind, indeed, the reaction products 


show a decrease of unsaturation as me: red by halogen or hydrohalide addition 
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The most simple way to explain the physical and mical changes observed 
is to assume the formation of rings, and this vir is been ally accepted 
although it has never been proved by the methods of organic structural chemis 
try®. If the formation of rings depends on the interaction of the double bonds 
of neighboring isoprene units, a certain numbe se bonds—the “lone 
widows’’—will not find a reaction partner. The ual unsaturation o 
haustively cyclized rubbers agrees with the calculated on 
grounds by Flory®. Because of these unevenly dist: unchanged isoprene 
units, and probably also because the chains consist of rings of varying structure 
cyclized rubber does not crystallize. Cyclized rubber may is be consistently 
described as a nonpolar noncrystallizing polymer, in whi » molecular chain 
have been stiffened by ring formation 

Cyclized rubber has been prepared since 
heating solutions of rubber with small amounts of so ily mainly 
chlorine compounds of tin. The products on the mar are W transparent 
powders which are soluble in various solvents 

In 1947 the Rubber-Stichting’ and the Dunlé tubber Company 
taneously but independently, applied for patent i far per proces 


i pos 


I 


cyclization of the rubber in latex with sulfonic 
of this process are at the moment being evaluat 
scale, 

There is a third possibility—the cyclization of undilt ubber Phere 
evidence that this has been carried out by a number of yber manufacturers 
before and during the last War for use in the 
probably entails mixing a catalyst into rubbe 
mixture in an oven for several hours at temper 
tubber-Stichting, the cyclization of rubber in 
gated between 1940 and 1943 by van Royer ho ne on hie 
mixture of 100 parts of low-protein crepe and He I to ulfonic a 


to 150° C in an oven, a strongly exothermic re n in iring which the 


£g 
temperature rose to 250° C. Substantial cyclization ace in 60 minute 


with the special low-protein crepe, but the reaction wa yout 10 times slower 
with the normal grades of rubber tepetity n ol thi \ ‘ aft own that or 
inhomogeneous products with medium overall degree of 


tained by this proce 


NEW CYCLIZATION PROCESS 


Subsequent work at Rubber-Stichting has led to two improvements in the 
procedure. In the first place, it has been found advantageous to carry out 
reaction In an internal mixer in order to ensure rapid, homogeneous mixing ¢ 
good temperature control, and, second, the addition of small amount 
strongly adsorbing white filler of extremely smal irticle size (Aerosil) | 
sulted in a strong accelerating effect on the reaction A in it poss 
obtain complete cyclization of even lower grade f rubber g., D blanket 
not more than 10 minutes. 

At first, the different preparations of toluene 
able gave widely different rates of cyclization, and t 
obtained from chemical supply firms, were either tor 
activity for economically attractive industrial « 
grade of p-toluene-sulfonic acid of Hoechst & C« 
comparable in activity to the best laboratory prey 
it to be the fairly pure monohydrate As its pr 
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1000 kg. lots, it would appear that a cyclized rubber prepared with 5 to 10 parts 
f this acid and 5 to 10 parts of Aerosil per 100 parts of rubber would be able to 
compete successfully with cyclized rubber made according to the solution or the 
latex process and, during periods of low natural-rubber prices, with high-styrene 
resing 

The differences of activity between the preparations used may to a large 
extent be attributed to differences in water content. Drying the Hoechst acid 
in a vacuum of 1 mm. Hg at 120° C gave a decrease of water content from 9.5 
per cent (theoretical for the monohydrate) to 3 per cent and produced a strong 
increase of activity, as shown by experiments on a small mill 

The catalyst is bound to the rubber during the reaction. This could be 
confirmed by combined sulfur determinations, for roughly 80 per cent of the 
sulfur in the acid used was found in this manner 

Acrosil also gave a strong accelerating effect on the cyclization in toluene 
solution. This is shown by the results of four experiments reported in Table I. 
This indicates that the accelerating effect of Aerosil may be due to heterogene- 


ous catalysis 
TABLe I 


kevrect or AgprnosiL ON CYCLIZATION IN BotanG ToLuENE 


0.50 20 
0.50 0.50 20 
0.75 30 
0.75 0.75 30 


Aerosil also increases the rate of reaction for the cyclization process carried 
out in an oven sper ially the start of the reaction is strongly accelerated, and 
temperatures above 300° C are easily reached in an oven at 150° C with all 
grades of rubber. In view of the side reactions that take place at this tempera- 
ture and because of the need for bringing all double bonds in contact with the 
catalyst, it was preferred to carry out the reaction at a lower temperature under 
efficient mixing 

A large number of cyclization experiments have been carried out in our 5-1 


Werner Pfleiderer with the object of finding a reproducible method of operation 


for the production of cyclized rubber in a time no longer than that required to 
prepare masterbatches of rubber and high-styrene resin, and in a form which 
could be used by a rubber manufacturer without giving rise to processing diffi- 
culties 

In all experiments, the rubber, the acid, and the filler were put into the in- 
ternal mixer together This took about one minute. The reaction time was 
measured from the moment these three ingredients had been added. The 
starting temperature was 120 to 140” ¢ As the reaction is strongly exothermic, 
the temperature rises during cyclization and falls again after the reaction has 
stopped. These changes of temperature during the process were followed with 
the aid of a steel mercury thermometer projecting through the heating mantle 
of the internal mixer close to the inlet. In the normal procedure, the highest 
temperature should be about 180° C 

Further indications of the progress of the cyclization were obtained from 
the amperometer coupled to the driving motor. During the mixing period the 





CYCLIZED RUBBER AS A STIFFENING AGEN’ 1039 


energy uptake should be moderate and constant, otherwise slipping is taking 
piace and the mixing will not be efficient. If appreciable cyclization has taken 
place and the heat evolved has been removed by t ooling water, the energy 
required will increase strongly, with sharp fluctu ns, showing that the mixture 
has stiffened. On the other hand, if the reaction | run out of control, causing 
the temperature to rise to 200° C, the energy required is not app: 

than for the empty internal mixer. 

By far the best indication of the progress ol the reaction, however, is the 
amount of gas evolved. About 3 to 4 minutes filling the apparatus, a 
steady stream of gas should be produced and tl {f steam and cooling 
water should be regulated so as to keep the rate of gas formation constant. The 
gas appears to consist mainly of water vapor 

Although this method of working does not give t! ) itor complete control 


of the process variables, it is possible to produce 


! 
the high degree of cyclization required for use 
per cent) in a reproducible way. It should be 
ing the heat transfer in an internal mixer of fa 
those encountered on the semitechnical scale 
scale of production will necessitate renewed « 
method of production which satisfies indust: 
The experiments have so far given the impr n that low-protein 


C and D blanket crepes react faster than No. 1 smoked sheet and fi 


crepe. For the first two grades, 7 parts of a id 5 parts of Aerosil 


suffice For the other grades, slightly more is n ’ i.e., up to 10 par 
acid and 10 parts of Aerosil. 

That the reaction mixture is not dangerou Ol i he lining of the 
apparatus was shown by iron determinations roducts and ingredient 
The increase of iron content for a number of | found to be 0.009 
0.020, 0.018, 0.019 per cent iron per batch. 

The cyclization was stopped after about 10 minu by the addition of 1 part 
of magnesium oxide (Neoprene grade), and the product was dropped from the 


internal mixer after 1 minute of neutralizatior 


PROPERTIES OF THE PRODU( 


The color of the products was light-to-dark | 
of rubber used and on the temperature reached 
blanket crepes were cyclized at 200° C, the pre 
even then produced light tan shades in compou 

On cooling, the products hardened to an « 
gree of cyclization reached Jetween O and & 
uct changed from a rubber to a leatherlike p 
tion gives hard plastic materials, whereas the 
clization are brittle The best parameter fo 
again the 7',, value Figure 4 shows that the 
butadiene-styrene copolymers can be copied 
gives the relation between this temperature 
determined from the chlorine content of the H¢ 

Apart from giving, by the temperature of 
the average mobility of the polymer, the reb« 
the homogeneity of the distribution of the « 

1! 


homogeneous product will show a sharper m 


at temperatures below and above T,, The 
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Rebound (°%o of cyclization 


foe Lupke) indicated) 


o4 58% 





Styrene-butadiene copolymers 
(Jo styrene indicated) 
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tures (100° C) is an indication of the molecular weight of the product, for, if 
appreciable breakdown has taken place during the reaction, the unvulcanized 
test-piece will flow under the impact at high temperatures and the rebound 
value will be low. 

The infrared spectra of the products were identical with the spectra of 
cyclized rubbers prepared in solution, with the exception of the presence of two 
bands indicating oxygen-containing groups. There is, of course, every op- 
portunity for oxidation during the reaction. That oxygen is not essential for 
this method of cyclization follows from the very fast cyclizations obtained in 
boiling toluene solution (Table I) and from several experiments in the internal 
mixer carried out in an atmosphere of pure nitrogen, for which no appreciable 
decrease of rate of reaction could be observed. 

As a result of breakdown during cyclization, the products may become com- 
pletely soluble in benzene after reaction. This solubilization is favored by high 
temperatures and longer reaction times. The products prepared in nitrogen 
remained completely insoluble in benzene. 

That hot cyclized rubber is very easily miscible with rubber is in accord with 
its low polarity. The preparation of 50/50 masterbatches takes 2 to 4 minutes 
in the 5to 1 internal mixer or 5 to 10 minutes on the laboratory mill If the 
eyclized rubber has cooled down, it should, if it has more than 50 per cent 
cyclization, be heated before masterbatching 

Cyclized rubbers with 7, between 0 and 20° C are still rubberlike and have 


very low gas permeability, comparable with that of Butyl rubber. In view of 


the good adhesion to rubber, this offers the possibility of using such products 
for impermeable layers on rubber. The high brittle point is a disadvantage 
however. 

Compounds of rubber and cyclized rubber of low degree of cyclization 
showed greatly improved resistance to ozone cracking in static tests. Since 
this effect may be due to stress relaxation during the test, it will be necessary to 
repeat these experiments using an ozone resistance test with continuously 
varying stress. 


APPLICATIONS 


Solutions.—Soluble cyclized rubbers have been used as ingredients in « 
cally-resistant paints, adhesive cements, printing inks, ete. The possibil 
preparing highly concentrated solutions which still have a surprising! 
viscosity appears to be the main advantage of using cyclized rubber here 

Shock-resistant plastics. —A typical compound would consis 70 parts of 
cyclized rubber to 30 parts of rubber as a pla 1Ze! lecrease the brittle 
point, with normal amounts of fillers and vulcaniz ingredients. After pre 
vulcanizing in the usual way, the article taken « f the mold when hot 
distinguishable from a vulcanized rubber article on cooling, it change 
a hard glossy material which resembles a plastic, and is very resistant to sh 
and blows, although it can be torn or cut fair] ‘ 
is high because the cyclized rubber (with a T,, 
ture) is strongly damping towards sharp deforr 
have the disadvantage of softening around 60 
tions is limited to specialty products, such as 
wash basins, et 

Imitation leather goods.—This is by far the 


passes soles and heels, imitation leather cloth 
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pound would consist of 70 parts of rubber with 30 parts of cyclized rubber, with 
white fillers and normal amounts of vulcanizing ingredients. 

‘ advantage of using resins in these compounds is that high hard- 

stiffness can be obtained without seriously decreasing the processabil- 
ity Compounds with hardnes » to fillers only may show difficulties for 
press-curing of intricate moldings at a hardness above 70° (Shore). If the 
hardness is parti lue to resins which soften below curing ts mperatures, @ gain 
of 10 to 20° may result. The set-up of calendered sheet which is to be vul- 
canized in hot air steam is also improved by resin. For instance, a leather 
imitation surface produced by a profiled calender may be retained during such 
4a Vulcanization A third improvement in processability is obtained with micro- 
compounds Here the use of re 
to reduce cage. 

Apart from the low specific gravity, which redu ight of the shoe, 
the retarded elasticity + rubber-resin combination may be beneficial to foot 
comfort, for the m inical energy returned to the floor by highly elastic com- 
pounds will be largely unpleasant and tiring 

If the cyclized rubber produced in solution is di fil as too high in price 

me of these applications, the yber man irer has three stiffening 
to choose from: (1) high-st 1s? yclized rubber masterbatch 
din M iva from latex ‘ clized rul *] produced in his own plant 

rubpbel 
point o a few fferences between these three 
product n hl ' sins have sho. difficult mixing with natural 
rubber This may resul laminated wea ing if cheap nonreinforcing 
filler i i ipp that the »noO m | ompatible polymers 
are rolled out into layers on the mill, an \“ sed lor thick sok these layers 
Otherwise the properties of 


@ fairly high 


The cyeli rubl repared x is usually mixed with latex before 
precipitation ‘ produ am patel relo NSIS f hard in- 


le giobule mbedded i i ) j in it is not to be expected 


that these globules will be di | mog isl ring the ordinary com- 
pounding techniques : clized rubber will act a while is good ad- 
hie ion to rubber, bi 

The cyclized rubber 
with rubber. and 1 


compete with the synt 


This work was part of a pre 
ment of the Rubber-Stichting 
Decker The author thanks 
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he rn 61 
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OXIDATIVE STRESS RELAXATION OF 
NATURAL RUBBER VULCANIZED WITH 
DI-TERTIARY-BUTYL PEROXIDE * 


SVEIN ORE 


n InpvuernmraL Res 


It has been shown by Farmer and Moore! that natural rubber can be vul- 
canized with di-tert.-buty] peroxide (DTBP Presumably the free radicals 
formed by the unimolecular dec omposition ol the pe roxide abstract some of the 
more labile (e.g., a-methylenic) hydrogen atoms, leading to direct C-C cross- 
links between the rubber molecules, with tert.-butanol and acetone as the main 
reaction products. 

This preliminary communication presents some of the results of an investi- 
gation of the oxidative stress relaxation of the following t\ pes ol DTBP vul- 
canizates, 

(A) First grade pale crepe, DTBP, and carbon black (MPC) mixed on the 
mill and vulcanized in a press. The carbon black was added to minimize the 
deleterious effect of impurities. 

(B) Purified rubber vulcanized: ( aqueous heating media; (2) in the 
press; (3) in DT BP vapor 

A) In Figure 1 is plotted on a logarithmi ile the relaxation curves for a 
vulcanizate with 20 per cent MPC black vulcanized for 15 minutes at 160° ¢ 
and relaxed in air at 90-140° (modulus 2.57 kg m.*? at an extension ratio of 
1:2). <A rapid initial rate of relaxation, due primarily to peroxidie reaction 
products, was eliminated by preheating the samples in vacuo for 30 minutes at 
150°. This treatment also serves to remove the physical relaxation. From 
the relaxation curves shown in Figure 1, an energ ctivation of 22.7 keal. is 
calculated for the relaxation process. The same relaxation rates are obtained 
when only 5 per cent of MPC black is used. The relaxation rate is nearly in- 
versely proportional to the initial modulus of the ple, corresponding to a 
rate of oxidation nearly inde pe ndent of the degree of vulcanization With no 
preheating in vacuo, there would also, in addition to the normal initiation of 
oxidation chains by hydroperoxide decomposition, be an initiation by som 
nonvolatile peroxidic substances formed during the vulcanization process, th 
amount of which will depend on the degree of vulcanization 

When approximately 75 per cent of the stress is relaxed, the relaxation curves 
of the preheated samples start deviating from linearity, apparently mainly 
tion of natural antioxidant in the oxidation A closer 


1 


examination shows that this occurs somewhat earlier when the degree of vul 


because of the consumy 
canization is higher, corresponding to a consumption of natural antioxidant 
during vulcanization with DTBP. Acetone extraction of the samples before 
heat treatment in vacuo has practically no influer n the 1 xation rates 
The antioxidants left are, therefore, probably eins and possibly some of the 
normally extractable antioxidants which ha en chemically bo to the 
rubber during the vulcanization. 


* Reprinted from the ta hemica 
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The rate of cross-linking was measured by subjecting the relaxing sample 
intermittently to a small additional stress and measuring the corresponding 
increase of elongation. This method gives (as confirmed by tests on a pure-gum 
sulfur vulcanizate) the same value for the rate of cross-linking as do the ordin- 
ary intermittent stress relaxation measurements on a separate sample, and the 
former method seems to have certain advantages The rate of cross-linking was 
found to be 25-30 per cent of the rate of scission in the whole temperature range 
studied, i.e., with the sz energy of activation. If the samples were acetone- 
extracted, hows r, the rate of cross-linking was 45-50 per cent at 90 and 
reached 25-30 per cent at the higher temperatures This may be a combined 
effect of the acetone-extractable substances acting as a plasticizer and the 
cross-linking capacity of the carbon black, although there was only a small 
difference between the effect when 20 per cent and when 5 per cent MPC black 
was used 

B) In order to avoid the use of additives, s h as carbon black, a purified 
rubber was used in the following experimen in which the effect of the degree 


and mode of vulcanization and of ret nent of the samples on thei 





oxidation and relaxation behavior was studied. The rubber was extracted 
from first grade pal ! by a modification of the method of Bloomfield and 
Farmer*® and should, according to this, be free of the “oxide fractions The 
nitrogen content was about 0.035 per cent. Films 0.05 mm. thick were pre- 
pared from solution and vulcanized at 150° for 30 minutes. 

By vulcanization in distilled water in an oxygen-free atmosphere, followed 
by extraction with acetone, the peroxidic material formed in the samples was 
still sufficient to be the dominating oxidation chain initiator at the beginning 
of the relaxation process. This peroxidic material seems to be chemically 


combined with the rubber, and can preferably be destroyed by heating the 


sample in vacuo. Results of experiments on samples in which such a more 


nearly complete removal of the peroxidic substances has been carried out will 
be published later. In the experiments described here, a relatively mild heat 


treatment of 10 minutes at 120° was used. This reduced the initial relaxation 


rate by approximately 50 per cent. The hatched area I shown in Figure 2 


covers the relaxation curves {on a linear scale) of eight vulcanizates of modulus 
varying from 2.4 to 4,7 xtension ratio of 1:2: f yper curve 
corresponding to the higher modulus. Relaxation was carri ut in dry 


oxygen at 90 Without preheating, a modulus of 2.7 gave the relaxation 
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curve II, The reproducibility was very good. Several factors play a part in 
determining the dependence of the curves I on modulus: the dependence of the 
concentration of the peroxidic substances on the degree and conditions of vul 
canization, the dependence of the oxidation rate on this concentration, and the 
f degree and mode of vul 


consumption of natural antioxidant as a function « 


canization, 

The curve III represents a preheated sample of modulus 2.7 kg./em., 
relaxed at 100°. The activation energy calculated from the relaxation curves 
differs little from the value obtained for the inhibited relaxation of the whol 
crepe vulcanizates described above. In accordance with the network theory 


the amount of oxygen absorbed (preliminary measurements) at 


gravimetri 
legree of vulcanization There 


i 


99 per cent relaxation is proportional to the « 
was no measurable cross-linking at 90 

Figure 3 shows the relaxation (at 90°) of samples vulcanized (1) in 
and with 5 per cent stearic acid in the rubber; (2) in 2 N sodium hydroxide and 
(3) in pure DT BP vapor (The ranges of moduli covered by the areas shown 
are not as large as in Figure 2.) Apparently the stearic acid promotes the 


deactivation of the proteins, giving a less inhibited reaction 
serves to reduce the water con 


water 


whereas the addi 


tion of sodium hydroxide to the water mainly 


100 








The ordinate indicates t} 


the abscissa the time in 1 
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centration in the rubber, thus reducing the rate of deactivation by the DTBP. 
So efficient is this osmotic effect that a dry sample vulcanized in a press gave 
exactly the same relaxation curve 

It is interesting to observe the effect of incorporating 0.2 per cent copper 
stearate in the samples of (1) before preheating. There is a marked reduction 
of the initial relaxation rate, presumably because of a more complete destruction 


of the peroxidie substances. This marked effect of copper stearate indicates 


that these peroxidic substances are largely rubber hydroperoxides. They may 
be formed in the vulcanization reaction, or possibly at the moment the cooled 
sample (with a certain amount of free radicals) is removed from the press or 
the autoclave and exposed to the air. In the later stages, however, the cataly- 
tic and antioxidant-inactivating effect of the copper stearate becomes apparent, 
giving a much faster rate than uncatalyzed samples 

By the vulcanization in DTBP vapor for 30 minutes at 150°, the rubber 
became seriously overvulcanized at the surface. As should be expected, the 
curves (c) in Figure 3 show that the antioxidant-free stage is reached compara- 
tively late in this case 

This investigation is being completed and extended to comprise accurate 
oxygen absorption measurements in order that the relation between this pure 
scission reaction and the detailed shape of the relaxation curve may be studied 
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INFLUENCE OF INHIBITORS ON THE OXIDATION OF 
RUBBER SOLUTIONS * 


FE. N. Novikava 


The works of Dogadkin', Kuzminskil’, and other inve stigators have estab 
lished the fact that a fundamental factor in the aging of rubber is its oxidation 
by atmospheric oxygen. From this point of view the study of the influence of 
the composition, structure, and polarity of chemical compounds 4s inhibitors 
of rubber oxidation is of importance 

Koshalyov? and Yasenkova showed that secondary amines used as anti 
oxidants are consumed during the aging of rubbe: Kuzminskil* describes the 
mechanism of the action of inhibitors as a reaction between their molecules and 
the rubber peroxide radicals, leading to rupture of the oxidation chain and con 
sumption of the inhibitor during oxidation. Here the oxy compounds destroy 
the stable peroxides, while the amino compounds react with the rubber peroxid 
radicals. Yarmolenka and the author have described a sorption theory of th 
mechanism of action of antioxidants, which is based on the fact that nearly all 
antioxidants are, to some degree, polar compounds and consequently are sol 
vated by rubber at the double bonds, thus preventing oxidation of the rubber by 
oxygen. The induction period is the time of desorption of the molecules of 
antioxidant 

In a previous study® the author showed the influence of the polarity ol 
phenols on thei capacity to inhibit rubber oxidation It is known that the 


polar properties of chemical compounds are determined by the nature and 
distribution of the molecular groups. In a work of Kutanav’®, the influence of 


the nature of functional groups which change the polarity of organic acids on 
the adsorption of these acids by mixed mediums was observed. Assuming 
that the structure and polarity of inhibitors have particular importance for 
their inhibition effect, by influencing the mobility of the hydrogen they con 
tain, the authors undertook a systematic study of special classes of chemical 
compounds with respect to their influence on rubber oxidation as related to 
structure and polarity. The results of a study of the influence of the composi 
tion and structure of chemical compounds containing amino groups (diamines 
carbazides, carbazones, az0 compounds) on rubber oxidation are presented in 
this study. 
EXPERIMENTAL PART 


The inhibiting effect of various groups of chemical compounds was st 
with purified pale crepe hydrocarbon. The rubber hydrocarbon was oxidized 
in a xylene solution with dry oxygen at 70° C in the presence of antioxidants, in 
darkne 8S. The antioxidants were added to the rubbe r-xX vie he solution in 


e of antioxidant per 100 


equimolecular amounts, namely, 0.01 gram-molecul 
grams of pure hydrocarbon. In cases where the antioxidant did not dissolve 
immediately in the xylene solutions, it was first dissolved in alcohol or dioxane 
and then a small volume (1 mil. of alcohol per 50 ml of rubber solution) was 
* Translated for Russer Cuemistry ann Tecunoroey fro Vesti Akademil Navuk Bdaruskai 8.8.1 
1954, No. 2, pages 62-72 
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added to the rubber solution, In order to calculate the influence of alcohol or 
dioxane on the oxidation of rubber in solution, we made simultaneous control 
experiments without antioxidant, but with alcohol added in the amount neces- 
sary for addition of the antioxidant. A 6 per cent solution of rubber hydro- 
carbon was oxidized in closed glass vessels described in a previous study’. The 
solution was agitated during oxidation, favoring closer contact between the 
solution and oxygen. The relative viscosity of the oxidized solutions was 
measured in order to control the oxidation during the process. 


OXIDATION OF RUBBER IN THE PRESENCE OF AMINES 


Compounds which contain two amino groups in each molecule with the 
diphenyl nucleus in para-position or which are distinguished by the nature and 
distribution of their substituent groups, were chosen for the study of the inhibi- 
tion by aromatic amines of the oxidation of rubber. By relating the activity of 
inhibitors to the polarity of their molecules, we hoped to determine how the 
nature of the substituent groups influences the reaction of diamines as rubber 
antioxidants 

As the data in Table 1 show, the relative viscosity of rubber solutions oxi- 
dized in the presence of tolidine is considerably greater than that of solutions 
oxidized in the presence of benzidine. When two hydrogen atoms of the 
aromatic ring in benzidine are substituted for two methylene groups arranged 


in ortho-position with respect to the amino group, the antioxidation activity of 
tolidine is reduced, in comparison with benzidine. If the reactivity of Tonox 
and benzidine is calculated from the data of relative viscosity, then the latte: 
is somewhat more active than the former. The relatively weaker inhibiting 
action of Tonox can evidently be explained by the presence of a CH, group in 


the molecular chain, which influences the polarity of all the molecules 

Comparing the relative viscosity of rubber solutions oxidized with added 
Oxynone and benzidine, we observed the great inhibiting action of Oxynone 
The Oxynone molecule, like that of Tonox, is composed of two benzene rings 
and two substituent amino groups, while there is a NH group in the chain of 
diaminodiphenylamine ; furthermore, one of the two amino groups is in ortho- 
position with respect to the amine group. All these factors increase the inhibit- 
ing action of Oxynone in comparison with Tonox and benzidine In order to 
confirm the effectiveness of the action of the indicated diamines in the presence 
of accelerators of rubber oxidation, we investigated the oxidation of rubber 
solutions containing added iron palmitate 

The relative viscosities of oxidized rubber solutions listed in Table 1 show 
that the activity of benzidine, Tonox and tolidine is considerably reduced in the 
presence of iron palmitate. As for Oxynone, its inhibiting action is not changed 
at all under these conditions 

The influence of iron palmitate on Neozone D, chosen for purposes of com- 
parison, is less than that of Oxynone, as was shown in a previous study’. 

The measurements of the relative viscosity of oxidized rubber solutions in 
the presence of amines, as shown in Table 2, indicate the influence of the nature 
and distribution of the substituent group in the benzene ring on the effective- 
ness of antioxidants 

p-Toluidine and p-anisidine differ only in the nature of the substituent 
group; hence the higher activity of p-anisidine is due to the OCH, substituent 
group. With the same p-position, the OCH, substituent group has a decisive 
influence on the antioxidation effect of the amines indicated in comparison with 
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the CH, group. o-Toluidine and o-aminobenzoic acid likewise differ only in the 
nature of the substituent groups, which are in o-position to the amino group. 
o-Aminobenzoic acid does not inhibit the oxidation of rubber, owing to the 
negative effect of the carboxyl group, which is in o-position with respect to the 
amino group, as well as to the part played by the so-called ortho-effect. Thus, 
in the same o-position, the substituent carboxyl group has a negative effect on 
aminobenzoic acid as an antioxidant, in contrast to the CH, group in o-toluidine 


TABLE 2 


Revative Viscosity or 0.6 Per Cent Rupper SOLuTION 
Oxipizep IN Presence or Amines aT 70° C 


Relative 
Viscosity 
of rubber 
solution 
oxidized 
in the 
Melting presence 
‘ 


Structure of point anti 


antioxidant ( oxidants Remarks 


CH, 


Toluidine , Viscosity of original 
_ | — solution, 10.84 


o-Toluidine 


(i ‘Hy 
p-Anisidine 


NH; 
NH; 


COOH 
oAminobenzoic acid 


NHC,H, 
Neozone D 10.70 


Without antioxidant 6.66 


RUBBER OXIDATION IN THE PRESENCE OF AZO COMPOUNDS 


Azo-compounds, which contain amine and methyl groups, were studied in 
connection with the influence of the nature and distribution of substituent 
groups on the activity of inhibitors of rubber oxidation 

Studies of rubber oxidation in the presence of azo compounds (Tables 3 and 
4) show that the azo compounds examined inhibit the oxidation of rubber. On 
the basis of these data, azo compounds can be classified in the following order 
according to their inhibiting action on oxidation: p-aminoazobenzene, dimethyl- 
aminoazobenzene-o-carboxylic acid, dimethylaminobenzene, and azobenzene. 
Bismarck brown dye did not entirely dissolve in a rubber-xylene solution; 
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nevertheless, it proved to be a more effective inhibitor of rubber oxidation than 
dimethylaminoazobenzene. 

As the data of relative viscosity show, the activity of azo compounds during 
the oxidation of rubber in solution varies according to the nature of the sub 
stituents in the ring bound by an azo group. Azobenzene does inhibit oxida 
tion, although only slightly. The presence of the phenylazo group in the ring 
in para-position to the amino group increases greatly the activity of the anti- 
oxidant p-aminoazobenzene. 

The dimethylamino group has a weaker effect than the amino group on the 
action of an inhibitor. If the relative viscosities of rubber solutions oxidized 
with added azobenzene and dimethylaminoazobenzene are compared, the latter 
is more active; that is, it has a stronger effect on the inhibition power of an 
antioxidant in this case. At the same time, the data on the relative viscosity 
of rubber solutions oxidized with p-aminoazobenzene and dimethylaminoazo 
benzene show that the latter is less active than the forme: Thus, the amino 
group has a stronger effect on the inhibition power of the compounds indicated 
than does the dimethylamino group. 

The inhibition action of dimethylaminoazobenzene-o-carboxylic acid is 
greater than that of dimethylaminoazobenzene This fact can be explained 
»y the presence of a carboxyl group in the aromatic ring in ortho-position with 
respect to the azo group, which, one must assume, changes the polarity of the 
entire molecule. Our studies of the oxidation of rubber solutions containing 
diazoaminobenzene showed that the latter does not inhibit the oxidation of 
rubber, but rather initiates oxidation more rapidly If rubber is oxidized in 
the presence of iron palmitate, diazoaminobenzene proves just as effective an 
antioxidant as p-diazoaminobenzene, and more effective than azobenzene It is 
known® that diazoamino compounds form salts with metals; consequently it 
seems that diazoaminobenzene, upon uniting with iron, lowers the catalytic 
activity of the latter 


INFLUENCE OF CARBAZONES AND CARBAZIDES 
ON THE OXIDATION OF RUBBER 


The carbazides and carbazones chosen in this work as antioxidants were 
added, in small volumes of alcohol or dioxane, to a solution of rubber in xylene 
The rubber samples containing these antioxidants were oxidized for 3, 5, and 6 
hours. Measurement of the relative viscosities of these solutions showed that 
the inhibitory effect of phenylsemicarbazide and diphenylearbazide is greater 
than that of Neozone D, which is so widely used in industry 

Comparison of the data on relative viscosity presented in Table 5 shows the 
relatively great inhibiting effect of phenylsemicarbazide This strong effect is 
evidently attributable to the relatively long open molecular chain and the 
number of amino groups. The lower antioxidant activity of diphenylcarbazone 


in comparison with diphenylearbazide can be explained satisfactorily by the 


presence of the amino groups, which have a relatively high antioxidant power, 
by a double bond system As is evident from the data in Table 5, diphe nvyl- 
thiocarbazone also is an effective antioxidant The different effects of these 
compounds on the oxidation of rubber is explained by their molecular structures 
Diphenylthiocarbazone contains a polyvalent sulfur atom, which evidently 
determines the oxidation capacity. 

To relate the activity of an inhibitor to its structure, it was of interest to 
investigate to what extent a more complex molecule of similar type influences 
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the inhibitory action of antioxidants. For this purpose the oxidation of rubber 
in the presence of Sudan I, Sudan III, and (for comparison) 2-naphthol and 
azobenzene, was studied 

As the data in Figure 6 show, Sudan I and Sudan III inhibit the oxidation of 
rubber; however, the inhibitory action of 2-naphthol is greater. The relatively 
low activity of Sudan I and III can be « xplaine d by the ortho-position of the OH 
group with respect to the azo group 

If we compare the inhibition action of Sudan I and III, the latter is more 
effective, owing to the length of its molecular chain 


CONCLUSIONS 


1. The nature and distribution of substituent groups (NH., N(CHs3)+2, CHs, 
OCH,, COOH) influences the relative activity of amines as rubber antioxidants 
2. Azo compounds fall in the following order of their inhibiting action on 


rubber oxidation: p-aminoazobenzene, dimethylaminoazobenzene-o-carboxylic 


acid, dimethylaminoazobenzene, azobenzene 
3. Phenylsemicarbazide is a more effective antioxidant than Neozone D 
4. Diazoaminobenzene and diphenylthiocarbazone do not inhibit the 


oxidation of rubber, but initiate it quite rapidly 
5. Sudan I and III inhibit the oxidation of rubber solutions, but less than 
does 2-naphthol 
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ELECTRICAL CONDUCTIVITY EXPERIMENTS WITH 
HIGH-ABRASION FURNACE BLACK-LOADED 
NATURAL RUBBERS * 


N. C. H. Humpureys 


RK. W. Greer & Co., Lrv., Newavry, Berxasuine, Enoiant 


INTRODUCTION 


This work was carried out in 1952 and arose from the interest shown by 
many rubber companies in the manufacture of articles having electrical resistivi- 
ties in the antistatic and conductive categories. A survey of medium and small 
companies suggested that basic information about the possible magnitude of 
variation between the resistivities of nominally identical articles was limited, 
and it seemed likely that there was a general tendency to underestimate the 
variations to be expected. Since commercial products form too wide a field 
for the study of such a subject, it was decided to concentrate on laboratory 
vulcanizates in an attempt to gain some idea of the variability inherent in proc 
essing when such processing is carried out with every precaution to minimize 
experimental error 

It has often been reported that milling time is a potent source of variation 
of resistivity of vulcanizates, although detailed results are scanty, and this 
factor is the primary subject of Part 1 of the present work. Also investigated 
in Part 1 are certain other basic sources of error. Part 2 consists of an evalu- 
ation of two methods of testing resistivity and gives an indication of the extent 
to which variability outside control by careful technique exists. Part 3 is a 
simple demonstration of the effect of compressive flexing on electrical resistivity 
of vulcanizates. 


I. EFFECT OF TIME OF MILLING 


Four batches (A, B, C, D) each of the following composition were mixed, a 
masterbatch of everything except the pine tar and carbon black being employed 
The pine tar and carbon black were added to a strictly controlled time/tempera 
ture cycle, Half of each batch was remilled for a further five minutes 


Smoked sheet rubber 100 
Stearic acid 2.5 


Zine oxide f 

C.B.8 0.5 
Sulfur 2.5 
Pine tar 5 


HAF black A 
A nine-cavity mold to produce specimens with brass-bonded electrodes! was 
used, with a cure of 40 minutes at 138° C, which is known to be somewhat above 


° Rey rinted from the Proceedings of the Institution of the Rubber Induatry, Vol. 2, No. 5, pages 164 
October 1955 
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optimum for the formula and therefore free from the marked effects of under- 
eure, The order of curing was randomized to spread chance errors as far as 
possible Since mixing and remilling was done on the same day, vulcanizing 
the following day, and testing the third day, a further source of chance error is 
eliminated. The vulcanizates were made from blanks cut to a predetermined 
weight, and all sheets of rubber were taken off the mill as nearly as possible to 
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the same thickness, this thickness being such as to give the minimum flow in the 
mold. Vulcanizates were pushed from the mold by means of a die so as to 
avoid distortion and were cooled on a zinc topped bench. Storage of stocks 
and vulcanizates was in a temperature and humidity controlled atmosphere 
21° C and 60 per cent relative humidity), and testing was carried out under the 
same conditions. One set of vulcanizates was tested untreated except for 
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Tasie III 


gentle cleaning of the surface with an acetone moistened cloth; the other set 


was heated for one hour in air at 100° C, and then allowed to cool, thus e« 
ing the effects of any accidental mechanical distortion The following foul 
tables summarize the results obtained. All results are given in ohm-cm. « 10? 
Figure 1 shows the test circuit; instruments and wiring of the test-circuit 
were mounted on a polystyrene base | inch thick and dust fre 
Examination of the foregoing tables prompts the following observations 
{emilling leads to distinctly higher resistivit 
Heat treatment leads to better batch-to-batch and within-batch cor- 
relation and tends to lower resistivity. 
Vulcanizate variation between and within batches is great 


It can be concluded that large differences of electrical resistivity can occur 
in circumstances connected with the normal rubber-processing operations 
These differences can be substantially reduced by extremely close control of 
mixing time and by careful handling and treatment of the vulcanizates, but the 
residual errors after all precautions are taken are still great. 


II. COMPARISON OF TEST PROCEDURES AND ESTIMATION 
OF EXPERIMENTAL ERROR 

In this work ten batches, each of the formula used in Part 1 were mixed 

with a masterbatching system employed for all ingredients except carbon black 


and pine tar. 
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One day after mixing, all batches were remilled for five minutes and sheeted 
out as nearly as possible to the same thickness, i.c., 0.02 inch thicker than the 
mold, After resting for 24 hours in a temperature and humidity controlled 


atmosphere (21° C; 60 per cent relative humidity), curing was carried out in the 
mold described in Part 1. A cure of 40 minutes at 138° C was used, and a die 
was employed for removing vulcanizates from the mold with minimum dis- 
tortion. The samples of each batch were lettered according to the 12 « 12 


Latin Square shown as Figure 2 and taken from Fisher’s and Yates’ standard 


tables (two columns omitted 

The day after curing, all specimens were cleaned with an acetone-moistened 
cloth and heat-treated for 1 hour at 100° C 

The day following heat treatment, all specimens were test d by the method 
described in Part 1 of this work and also by means of a null voltage circuit, 
which allowed resistivities of four l-cm. portions of each test-piece to be meas- 
ured?, This null-voltage absolute method is, of course, free from contact 
resistance effects 

After testing, the brass-bonded electrodes were torn off and the bonds 
graded into categories G (good), M (medium), P (poor), B (bad). The whole 
experimental results are given in the following tables 


MrxinGc A 


ResistivitTies in Units or 10% Oum—Ca 
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Mrxine B 


ResistiviTies iN Units or 10? Oum—Cm. 


Posi- Absolute method 

Loading tion 
mold mold 

b 9.6 3.4 5 0.92 

e 10.1 9.$ 1.17 

4.1 16.1 7 1.18 

13.0 10.2 3.6 7 ao 0.06 

2.5 25.8 ; 1.00 

5.8 18.1 ? i 1.25 

13.0 75.0 - : 0.87 

7.8 26.2 0.56 

10.7 29.9 y fp . 0.59 

6.8 2.8 5. é 1.74 

23.: 9.3 SS : 0.93 

5.9 41.5 31.4 20.5 2.! 0.61 
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Mrxina C 
Resistivities iN Units or 10° Oum-Cm 
Posi 
Loading tion 


0 in 
mold mold 


Mrxine D 
Resistivities iN Units or 10? Oum—Cm 
Posi jlute method 


Loading tion 
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mold mold 
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Mixine E 


{ESiIsTIViTies IN Units or 10? Oum—Cm. 


NK we & 


SISTIVITIES 1D NITS ry 16° Oum 


Mixine G 
Resistiviries in Units or 10? Oum—Cm. 
Method 
Absolute u ethod 
Grading 
0 
electrodes method bonds 
0.76 G.G 
0.87 G.G 


P.P 
G.P 
G.M 
M.G 
G.G. 
G.M 
M.G 
(;.4; 
(,.G 


G.M 
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Mrxina H 
LESISTIVITIES IN Units oF 10? Onm—Cm 
Method 
Posi- Absolute method wing Ratio of 
Loading tion russ results 


of in 
mold mold 


bonded by two 


ctrodes methods bonds 
8.7 G.G., 
9.4 2! GG 
9.9 § M.P. 
8.0 P.G 
9.9 B.P 
9) 

YY 

9.2 
8.5 
Q9 


Mrxina J 


RESISTIVITIES IN UNITS OF 


Posi Absolute method 
Loading tion 
oO in 
mold mold 


= 


> 


12.7 


ot ee GO 
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10.0 
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Mrxina K 


LESISTIVITIES IN Units or 10% Oum—Cm 


Posi 
Loading tion 
of in 


mold mé« 


1 k 72 , d f G.G 
; a 3.7 ‘ $F) M.G 
b P.B 

g PB 
h j 75 M.M 
f G.M 
M (7 


Grading 
of 


bonds 
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Analyses of variance were made on: 


a) The logarithms of values by the brass-bonded method 

(b) The logarithms of the arithmetic means of the four results by the 
absolute Ine thod. 
The logarithms of the ratios 


resistivity by brass-bonded method 


resistivity by absolute method 


These analyses lead to the following conclusions. 


(1) Neither method shows a significant effect due to cavities or loadings, 
but despite this fact it is advisable to use latin square curing design 
for further work 

2) Lumping the sums of squares due to cavities and loadings with the 
residual, the following mean squares and degrees of freedom are found. 


Degrees Mean Com ponenta 
of rass aquares 


reedom bond absolute variance 


jetween mixings 9 0.064 0.052 10 Sm? + So? 
Within mixings (residual) 00 0.0078 0.0187 So? 


So? is residual variance; Sm? the between-mixing variance. The 
variance ratio test shows that the between-mixing mean squares, which 
in themselves are highly significant, are not significantly different for 
the two methods 

3) The arithmetic mean values of the ratio for the samples marked “Bad”’ 
isp 0.91, 


A number of other interesting statistical conclusions can be drawn, but for 
all practical purposes it is sufficient to say that the simpler brass-bonding tech- 
nique is free from contact-resistance errors, and the strength of bond is of no 
importance within the range of bonds found in this work 


Il, EFFECT OF FLEXING ON RESISTIVITY 


Four batches of the following composition were mixed, and two brass-bonded 


specimens from each, vulcanized 40 minutes at 138° C, were prepared, using 
the mold and technique described earlier in this report. 


Smoked sheet rubber 
Stearic acid 

Zine oxide 

C.B.8 

Sulfur 

Pine tar 


HAF black 


Each of these specimens was mounted in turn in the Goodrich flexometer in the 
manner shownin Figure 3. The whole electrical circuit was insulated by means 
of polystyrene 
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— Le Stroke 0-175" (17°5%) 
Insulane Fixed anvil 
Speed 1800 R.P.M. 


aint ae 


‘ 
Model 8 Avometer set to “‘Ohms"’ 
Mounted on |* Polystyrene 


Moving anvil 


a 














Fie. 3 


{esistances calculated in ohms X 10° under various conditions are re 


in the table below. 


Initial 


stat nh 


5000 5000 1000 500 180 

5000 5000 1000 O00) 220 

5000 5000 2800 00 120 

7500 7500 7500 2000 220) 

1500 3000 3000 100 200 

1000 2600 2500 100 180 

D f 2500 1000 1500 550) 200 

y 2500 1500 1500 S00 110 
The results of this experiment show that a profound and immediate increase 
of resistivity takes place at the commencement of flexing and that a large 
decrease of resistivity takes place as soon as flexing ceases, followed by further 

slower decrease. 


SUMMARY 


Considerable differences may exist between volume resist 
canizates prepared from a single mixing. Large differenc: 


effects can also occur. 
Contact resistance effects caused by bonded brass electrodes a: 
negligible over a considerable range of bond strengths 
The profound effects of compressive flexing on the resistance of vuli 
is demonstrated 
A formula containing sufficient HAF black to place the vulcanizates nomi 
nally in the electrically antistatic range was employed throughout the work 
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PULL-THROUGH ADHESION TEST * 


Woop 


INTRODUCTION 


The adhesion of tire cord to a rubber compound is now usually characterized 
by quoting the force required to extract the cord from a test block of that com- 
pound. In a standardized form, the H-test, as it is sometimes called, is de- 
cribed in a paper by Lyons and coworkers, who describe a further detailed 

idy of the more important factors operative while the specimen is under 
preparation, and during the test itself’. 

The present paper is devoted to an extended study of a modified form of the 

in particular, how the pull-through force is influenced by cord tension 
rate of loading during test, diameter of specimen mount, twist in 


e cord, temperature of test, and cord length embedded in the rubber, together 
with some theoretical considerations of the mechanics of adhesion breakdown. 


DESCRIPTION OF TEST 


he cords to be tested are mounted on a frame under a tension of 100 gm. 
h apart and 48 in number; they form an unwoven ply in the middle of a 


h deep cavity (Figure 1). On either side of the ply is placed a yg-inch 


eT: | 


layer of rubber compound from which the cord is insulated by glazed Holland 


fabric, excep the test block region, where slots $-inch wide are cut on each 


laver (Figure 2 The protecting d-inch wide fabric is removed at the latest 
convenient stage during construction, thus reducing contamination of the rubber 


surface to a minimun The frame is then placed within a simple rectangular 


| 


mold and cured in a steam-heated daylight press at a mean pressure of 200 lb. 
per sq. in. of rubber surface area and 300° F for 35 minutes. 

After cure, the resultant rubber slab consists of a strip % inch thick through 
which the cords pass and to which they are bonded. On either side the cords 
pass into a pocket formed on the inside by the glazed Holland and outside by 


tlhe snaactiona of the Inatitution of the Rubber Induatry, V 32, N 1, pages 1-18, 
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Section along cord during cure 





Casing rubber 


Qe ——~e $a 


lazed | its t 
Glazed linen RR Re AR Bn, 


“ 
Platen 
Fig. 2 


the ;’s-inch layers of rubber. It has been ‘ound most convenient to remove 
these by cutting them away with a pair of sharp nail scissors. There then re 
mains only the j-inch square section of rubber with cords protruding on either 
side. The cords on one side are cut away, leaving the specimen ready for test 

This is performed on an inclined-plane tensile tester (Scott I.P.4) The 
specimen is mounted against a slotted plate, with the cord passing through the 
slot, and gripped in the jaw of the test machine (Figure 3). The machine is 
set in motion, and the pull-through force is recorded on the chart exactly as in 


normal tensile tests on tire cords. 


INTRINSIC VARIATIONS OF THE ADHESIVE FORCES 


Tests within the same pecimen Some ariation between any pull-through 
tests on supposedly identical specimens is expected as a matter of course; how 
ever much care is taken to keep cord and rubber conditions the same throughout 
the specimen It may be more marked when the cords selected for comparison 
are wider apart. It was the subject of an experiment in which all the 48 low 
stretch cotton cords (3/4/16.7’s) were extracted from one test-piece and the 


adhesion values studied in groups of eight. 


Cord number 
Group mean (pull-through 
in Ib.) 6.4 6.2 5.9 6.1 6.3 6.2 


Group variance (lb.*) 0.060 0.070 90.054 0.050 0.130 0.078 


Analysis of variance 
Soiree ‘ 
Bet ween groups 5 ay 0.304) 0.304 
Within groups 4¢ 3.4 0.078, 0.078 
Total 


Thus, the statistical treatment shows the variation between the groupes 
significantly greater than the variation within the gr 8: a result 


firms our expectations. Nevertheless the variation across the whole 


Testing system 





Test-piece 





————™ 


Jaw of tensile tester 
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red with the differences between different types of cord 


Thus the effect of between-cord variation need not hinder 


An example of a routine test between cotton and rayon 


to compare the same type of cotton « with a rayon 
ated with a latex-resorcinol-formaldehyde adhesive. 


is shown 1n the following table 


Position 
(,roup 0 
(sroup Vvariane 
Me in lor cord t 


Variance for cor 


A{naly Of varvaru 


sa! : P 
Between cotton and ra 34.7 34.7 0.001 
Jetween groups of same cor¢ - 0 15 NS 
Within groups 0.7 
lotal 
Between groups + within 


groups , 0.68 


contra he results on cotton cords alone 
of cord, i.e., cotton or rayon, is not greater than that expected 


from the estimated variation between individual cords; the fact that the within- 


the variation between groups of 


group mean square is greater than that between groups of the same cord is 
iInexper | but is apparently due to sampling errors. The difference between 
ad 10 ies for cotton and rayon is very large; a chance difference as 
only onee in more than a thousand times 

pecimens Vhen tests are made on several cord-rubber 

nominal 


identical cord and rubber compound, it is 


i ly 
ull-through force between the slabs atly 


exceeds 


impression of this variability yrovided by the 


=e" -B* 2B Reb? a2 a= 
nee Dok IONS 


zx 


of rariance 


p 
0.001 
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The statistical treatment confirms the greater « ! { varial tv between 
specimens, which is understandable when account is all the variables 
introduced between slabs. It is thus essential t al parisons hetweer 


les within the same test-s 


cords or other varial 
Interaction between ad acent cords Only 3 genare rds in 
test block It is reasonable to suspect that perf ng a pull-through tes 
one cord will affect its neighbor. Apart from the rioration of the bond i 
} 


the existence of a hole, formerly occupied 


by rd, may alter the mecl 
b 


of the pull-through process to an appreciable « 


To assess the interaction experimentally, a te 
In one test-specimer The first 16 were pull 
Next the remai g even cords were extracted 
cords were pull rough 

It might be ex d that the even-num 
on either side, woul least affected by 
come numbers | » | ind finally the 


results obtained were not in that order 
Cord ¢ 


Pull-through (average in Ib 
Variance 


A nalysis of varltance 


Between groups é 10] 
Within groups ! 11.04 
Total 12.05 


It may be uded tha ie interaction eff 
It should be noted that, during all routine te 
order from 1 to 48 aer he block. Any effect 
therefore, tend to oper 
tained Compari 


AGING TEST 


Since it is of j ) w the effect of stor 
a series of tests wv arrie ut The values fe 
9 days after comp )] ure are quoted in ti 
Number of cords 1-8 9-16 - or ‘ , 19 
Time of storage (minutes 53 160 ‘ 12,960 
Average pull-through (lb 8.6 8,25 5 8.7 
Variance 0.13 0.26 0.18 


A regression analysis confirms the general 
no change in null-through value However. t} 
will not oecur when different cords, adhesives 


volved, and therefore aging effects should alv 


THE EFFECT OF CORD 


When a rou s 4 e made. the cord 
standard tension of gra It is conceival 
nponent of 


may produc e 
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figure; at higher tensions the highly twisted cord becomes compressed, thereby 


yre iting ¢ ialler surface area to rubber and also inhibiting rubber pene- 


J 
tration into the rd; o his S18 an increa in ion 8 ild reduce the pull- 


through fi mor abl ling to a logar mic lay ch a relation 
rd structure, 

ion, a J 10] ‘ ippled rd during test- 

piece ! The ave Vaiues 10! Various nsions may be seen 


f 


irol 








oad on a 
lunction 


OF RATE OF LOAD 


rate ol 
xception te 


i 





Pull through force, Ib. 
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Cotton cord in 
casing rubber 
compound 





« 16 Kg carriage load 
() 6 Kg carriage load 
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by carrying out a statistical analysis, a significant regression of the pull- 
through load (y) on the logarithm of the rate of loading (z) was found (P 


0.001 The best linear function relating y and z was found to be 
y 7 + 2442 


nlotted 


‘eyneri " al j 2 are 
Rpt iil iva } il al } 


factory fit of the data to the logarithmic form brings it into agree- 


ment with the other textile findings, where it is now well established that break 


and rate of loading are related by a logarithmic function?. In the particular 
‘ 
f 


instance ist considere ve May 8a that a two- 


old increase of the standard 
yroduced roughly a 7 per cent increase of the pull-through 


THE MOUNTING DEVICE 


ethods of mounting have been suggested; they include a 


ibber specimen 1s bonded to the mounting 


force To test this 
the simple 
liameter were drilled in a steel 


cimen and the slotted plate ‘in effect 


Keach showed that the 
, denotes the pull-through 


irts of an inch, the best line 


ssion of y on z Was Sig- 
reas the second and third were 


to 24 per cent ch: 


nch in diameter 


ve may, therefore, conclude that a 


inge in the mounting system were 


CABLE TWIST 


ill though significant increase 
yrocess was therefore repeated 
24 and 15 turns per inch 

rayon were m ma pretreated yarn, which re- 
quired 1 . treatment after the cord-making stage. In subsequent tests 
conventional ! od MN rolliowed: the rd was made trom st indard 1650 
denier yal n dipped in a latex-resorcinol-formaldehyde adhesive. 
Although the fir periments exhibited a relatively small degree of variability 


with a coefficient of variation of 4) per cent, the later tests reac hed the 10 to 1] 
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80 
> Temperatur 


h force pa. teat t 


per cent range This demonstrates the high | 


ligt 

an adhesive d p applied to the cord rather thar 
In none of the tests was there any signifi« 

the twist It was concluded, therefore, that 

SInAil 


rHE EFFECT OF TEMPI 


It is common knowledge to tire technolog 
tends to wea 1 as the temperature rise Ir 
Lyons and ce rs on cotton cord In the 
were tested o arange, starting at room te! 
up to 120” ¢ 

Tests were performed a hot box n 


tester Care was taken to dry the specny 


drop of some 25 per cent of pull-through for 


pull-through specimen was wetted 
As may be seen from Figure 7 the 
temperature range, with a more rapid drop 


the temperature does not exceed about 120 
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this, degradation takes place; in a specimen tested up to 160° C, the linear plot 
(Figure 8) drops away rapidly above 120° C, 

A particular feature noted during the test on the Terylene cord was the 
transfer of the breakdown from the cord surface (20° to 80° C) into the rubber 
surrounding the cord (80° to 120°C). This was shown by the irregular sheath 
of rubber which enclosed the cord after extraction from the test-piece at the 
higher temperatures. The curve for Terylene in Figure 7 includes a discontinu- 
ity around 80° C, also pointing to a change in the breakdown system. 

The linear relations of Figure 8 require explanation. It has been suggested 
that the energy of activation for forming the adhesive bond may be assessed 
from a plot of the logarithm of the pull-through force against the reciprocal of 
the absolute temperature. The best line through the points should then be 
regarded as a measure of the energy of activation Very satisfactory straight 
lines have been obtained However, the slope is altered by a change of the 
test-piece dimensions, as instanced by the values obtained from the test-piece 
designed for another machine. Evidently one additional factor at least is in- 

besides the energy of activation of the adhesive bond. Inthe Appendix, 
ianism of the pull-through test is analyzed; it is apparent that a tem- 


Alternatively 
shaped test 


piece - 
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hrough force. ib 


force vs. cord length « 


perature dependence of cord or rubber modulus leads to a change of the pull 
through figure with changing temperature, apart from the effect of temperature 
on the bond itself 


Further details of these linear plots are given in the following table 


r reciprocal of the absolute temperature 
/ logarithmys (pull-through force in lb 
significance level. 


Cord Adhes ‘ Hegreasion line 


Cotton 3/4/16 
Cotton 3/4/16 


Untreated » 0.2482 0.095 
Untreated (different 
mold) OATIz 0.432 
Cotton 3/4/16.7's Untreated 0.2642 + 0.082 
Rayon 2/1650 denier Dipped in latex-resorcino! 
psa Bm 0.4482 0.582 


Nylon 3/3/210 denier Dipped in latex-resorcinol 

locwmghteharde 0.075z 0.761 
Terylene 3/5/140 denier Dipped in latex-resorcino 

formaldehyde = 0.1407 + 0.635 
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THE EFFECT OF CORD LENGTH IN RUBBER 


bonded length, a proportionate increase of the pull- 


expected. To a first approximation this is true, pro- 
re considered. But as the length increases, the pull- 
the vaiue expected by direct proportion The tests 

the pull-through force at the greater lengths falls 
i that the force appears to tend asymptotically to a constant value 


An idealized theoretical treatment of the probiem leads to this same result 
Appendix). It is found that the pull-through force T is related to the length / 


the relation 


have been fitted to the points, and the limiting 


yperbolic tangent curves 


ear force per unit area required 


0 have provided estimates of the sl! | 


’ 


»>adhesion breakdown. 


1. Cotton 3/4/16.7'8 

(high stretch) lypical casing 
2. Cotton 43/4/16.7'8 

(low stretch) lypical casing y 300 
3. Cotton 4/4/16.7's 

(low etretch) Typical tread y 430 
4. Cotton 2/211.68 

(high stretch) l'ypical casing ; 460 
5 Rayon 2/1650 


denier Dipped in latex-resorcinol 
lormaideh de 210 


6 Nylon $/5 
denier Dipped in latex-resorcinol 
formaldehyde 500 


Dipped in latex-resorcinol 
i 


100 
600 


formaldehyde 


or particular samples of cord and dip and are not neces- 
lor rayon 18 probably rather low, while 


ti 

ve average; all are laboratory-prepared 

ve pick-u vels in excess of those usually obtained. 

to demonstrate the information which may be 
obtained from : 1 cord length against pull-through force 

The agreement between the test values and the hyperbolic tangent curves 

values 


may be assessed from the plot of the theoretical value against the test 


Figure 10 


The theoretical approach is, of « 


f course, idealized and departs considerably 


it mechanics of the system, particularly at higher values For 


res 

the steel cord should give a straight line, but the curve is almost the 

as that obtained for a similar textile cord of much lower modulus. Thus 

the remarkable feature of the tests as a whole is their closeness to the hyperbolic 
curve obtained theoretically, although the assumptions of the theory are so far 
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through force. Ib 


14 
TanH onl 


Cord 


Cotton 
Cottor 
Cotton 
Rayon 
Nylon 
Terylene 


Steel 


removed from practice. Evidently a revised theoretical treatment should also 
yield a hyperbolic tangent relation or a closely related form. It is an interesting 
feature that an exponential function has usually been obtained when other 
bonded systems have been analyzed’. 


THE RELEVANCE OF THE PULL-THROUGH TESTS TO 
PRODUCT PERFORMANCE 


Here it becomes necessary to depart from the precise experimentation poss! 
ble only in the laboratory, and turn to the very difficult problem of how the test 
may be related to the performance of a commercial cord-rubber structure. In 


attempting a general answer to the question, account must be taken of the great 


pli 
plicated structure of the product itself. It seems probable an answer 


based on quantitative performance figures which include all the factors men 


diversity of products, the varied conditions of their application, and the com 


tioned, would require information on the subsequent history of an appreciable 
percentage of the total output of the product. 

It is much easier, therefore, to try to make an assessment of the forces acting 
in the product, and to compare them with the forces which apply throughout 
the test. The remarks that follow apply toa tire, though is possible that the 
same considerations might apply to other structures 





1078 RUBBER CHEMISTRY AND TECHNOLOGY 


It is maintained that adhesion failure in a tire is largely caused by the shear 
forces transmitted across the cord-rubber interface 
So far there is fair agreement on the mechanism, but now a critical point is 


reached ; failure in the tire is not usually immediate, but is apparently the result 


of successive shear loads applied at the interface, of a magnitude less than the 
critical shear stress reached in the operation of the pull-through test. If this 
were not so, and the critical value were reached as soon as the tire was put into 
service, breakdown of the bond would follow instantly, and subsequent per- 
formance might well be limited to a matter of minutes before the breakdown 
of the tire itself. Such failures have, indeed, been quoted in exceptional cases. 

On this argument, there is evidently considerable use for the pull-through 
test in a sorting capacity; with its aid it should be possible to detect several 
cord-adhesive-rubber systems which will fail at a very early mileage. It does 
not follow that all will be eliminated by this test; nor is the dividing line clear 
between those that will fail outright and those that will provide a reasonable 
performance 

At higher levels of adhesion it appears that resistance to fatigue, as well as 
intrinsic bond strength, enters the argument If fatigue is defined as the rate 
at which the bond strength decays, it becomes possible to postulate a second 
class of bonds with a poor performance: namely, those whose static test figures 
may be moderate or even good, but whose fatigue resistance is very poor; such 
bonds will not be eliminated by the test. Similar considerations appear to 
apply equally well to any other type of static test where dynamic performance 
is required of the finished product. 

As a special case it is worth considering the conditions where the rate of 
fatigue depends on the magnitude and frequency of the dynamic stresses ap- 
plied, and not on the system of bonding used. The time for the bond strength 
to fall to the critical level at which the composite product falls apart will then 
depend on the stress history and the initial level of adhesion. A higher initial 
level of adhesion cannot do other than yield a product having a longer life; the 
corollary to this is that a static test would provide all the information required 


However, since this special case is unlikely, and since it would require proof 
by the use of a dynamic test, it may be concluded that the pull-through test 


y 
] 
I 


can only be expected to act in a preliminary sorting capacity When a more 
accurate assessment of the potentialities of a bonding system is required, dy- 


namic adhesion tests must be used 


SUMMARY 


4 modified form of the pull-through test is described, followed by a series of 
experiments, the first three of which demonstrate the precision of the method 
Further experiments assess the effect of various factors on the pull-through 
force It is found that specimen age has little effect. The tension applied to 
the cord during construction also produces a small but appreciable effect 
amounting to a decrease of 1.3 per cent for a two-fold increase of the tension, 
hut a greater effect, amounting to a7 per cent increase of the pull-through force, 
is obtained when the rate of loading is doubled. The pull-through force is also 
shown to depend on the shape of the mounting device. The twist in a rayon 
cord does not give a significant effect, though the variability exhibited by the 
conventionally dipped cord is high. Temperature increase during test reduces 
the pull-through force; linear plots of the logarithm of the pull-through force 
against the reciprocal of the absolute temperature are obtained. The cord 
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length embedded in the rubber is shown to bear a hyberbolic relationship to the 
pull-through force, confirming the theoretical relationship obtained analytically 
Finally the pull-through test is considered in terms of the product. 
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APPENDIX 


The force and deformation in the test-piece.—Since the relation between the 
pull-through force and the length of cord embedded in rubber appears to be non 
linear, an analysis of the equilibrium of a small cord element is made here. Sub 
sequent integration over the length embedded in rubber then enables us to 
determine the pull-through force as a function of the length. The analysis 
also takes into account certain geometric and elastic properties of the system 

If Young’s modulus for the cord is E£, and the force per unit area across a 
section of the cord is F, the state of strain may be found and related to the stress. 
Consider a displacement in which A moves to A’, a distance u while B moves to 

; du 
B’, a distance u 4 7 6z. The small element AB of length 6z is strained to an 


‘ 


t t ou W I 
e e 7 ence 
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The equilibrium of the small element AB depends on the balance between 


the forces acting across the sections at A and B, respectively, and also on the 


ar force at the interface. 


It is now necessary to postulate ition between the shear force and the 
cement. Some indication ie form of this relation may 
tained by considering a special case A cylinder of rubber rigidly sup- 
| at its outer curved boundary has running through its center a rigid cord. 
If a load 1 applied to the cord, it is easy to show that the displacement is pro- 
portional to the load. ‘Turning now to the test-piece used in our present work, 
it may be argued that the outer parts of the rubber block remain relatively 
rigid, supported by the slotted plate, while an inner cylindrical region corre- 
sponds in behavior to the cylinder of our special case. Thus we may with some 
justification assume a linear relation as an approximate representation of the 
conditions which obtain during the test In algebraic terms we may now state 
y 4 

{ 
where f } ‘1 area of interface and c is a function of the 
geometry and i f ubber test-piece On taking into account 
ie g on tl n lement AB, it is found that the equilibrium 


dF 


dz 


(3) 


We now . ll the information required to obtain general 


equations for 
Integrate Equation 1) with respect to z and 
i 


7 
) 


to the exy mn \ »' equation (¢ 


» the equation reads 
{ sink nmr B cosh nz 


En(A coshnz 4 


m the two soluti 
stress and displacement are illustrated in Figure 12. 
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Since the shear stress is proportional to the displacement, it is evident that 
that the shear reaches a maximum at the point of emergence 

Breakdown will, therefore, occur first when the shear in the emergent region 
reaches the critical value, f,, where f, Cu, As soon as this critical stage i 
reached and breakdown has started, the effective length embedded naturally 
decreases; the force required to extract the cord becomes less, and theregionof 
breakdown travels back along the cord until separation is complete Most 
conventional tensile testers will, therefore, record this maximum force as the 
pull-through force T., where T, rrF, 

Now F, is obtained by putting the critical values in Equation (8), whenes 
we obtain: 

T. Qnrl f, tanh nl 


nl 


k 
~ tanh nl 
n 


where k = 2nrf, 
This is the equation used in the main text, and the fit of experimenta 


to the hyperbolic tangent may be judged by referring to Figures 9 and 10 





PROBLEMS CONCERNED WITH THE PHYSICAL 
TESTING OF VULCANIZATES * 


Primus KAINRADL 


SemMPeni? Orereeericne- AMERIKANI#CHE (UMMIWEeRKE A.G., 
TRatsxincuen, AUSTRIA 


INTRODUCTION 


As early as the first session of the German Rubber Society in 1951 in Bad 
ahr, it was urged that physical testing methods currently used in the 
rubber industry be reviewed critically and screened, and that guiding principles 
be formulated for future development. Thus Dr. Miedel, in a supplementary 
report, insisted that the uncertainty in abrasion tests should not merely be 
dealt with by means of a single example, but in a general and comprehensive 
manner, in order to gain a reliable judgment or to make possible useful con- 
clusions for the rubber technologist, who is forced to make decisions regarding 
his compounding development on the basis of the results of the tests. In the 
Goslar meeting of the German Rubber Society in 1953, Dr. Kruse and EF. A 
Hampe posed the question of the value of dynamic testing methods, and the 
latter critic instigated a critical screening and systematization Similar ex- 
pressions of opinion can be found in the literature. It should be emphasized 
that, in the following considerations, we are dealing principally with the prob- 


lem of the industrial rubber technologist, who has the task of examining and 


making reliable judgments on material which has been prescribed and is to be 
tested, with respect to its later application 

It must be pointed out that here testing problems are involved whose solu- 
tion is a limited one or has a definite direction, but nevertheless one which is 
still by no means to be considered as solved. In a comprehensive presentation 
of the problems it is unavoidable that the considerations advanced are not new 


to every reader and they may have already been given thorough consideration 
THE FUNCTION OF TESTING 


Every industrial test is concerned with production and the testing stems 
from the ultimate wish to improve the existing production 


Three different aspects of the role of physical and technological testing can 


be distinguished. The first and simplest task is that of the control of materials, 
yr, more precisely, of processing. Here it can be a question, for example, of the 
-ontrol of raw materials or of control tests of mixtures of raw materials. The 
test results obtained in the use of a raw material or of a process must fall within 
lefinite limits These are given by the variation of the test methods and the 
variation in the material. Without its being explicitly stated, it is of course 
basically assumed that any changes in the test material which will lower the 
quality of the resulting product will be caught by the test. By screening out 
material whose test results lie outside of the tolerance, a quality level is ensured 

* Translated for Resaser Cuesterry ann Tecun ay by D. W. Kitchin from Kautachuk und Gummi, 
V RN sges WT 7-124, May 19055: N pag \ 157-160, June 1955 This paper is based on 
a lecture gi he meeting of the German Ru ocie n Manchen, October 21-23, 1954 
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in the end product It can be said that the test methods in general accomplish 
this task, provided the laws of statistics are sufficiently observed 

Also for judging a production process with a given compound, for exampl 
a vulcanization process (determination of the optimum cure), available test 
methods are satisfactory for the most part. All the characteristics arrive at the 
values considered most favorable at more or less the same degree of vulcaniza 
tion, although it is known that approximately the maximum values of tear 
resistance coincide with the maximum values of the tensile strength, but dyna 
mically optimal properties later. 

The testing of the unvulcanized mixtures with regard to their processability 
(for example, scorch, extrudability, tack) is not discussed in this paper, since we 
confine ourselves to the testing of vulcanizates 

In both the intended tests, compounds are compared that are identical or at 
least supposed to be identical, so that identical material structure is presup 
posed. By the test for the material control, the same structure of the vulcani 
zate is supposed to be reliably reproduced over and over again, since it is known 
from some experience or other that this structure will prove to give a satisfactor 
product even for meeting quite different requirements during later use. In the 
case of the determination of optimum vulcanization likewise, identical materia] 
structure is presupposed, and this is expected to be treated to best advantage 
by correct vulcanization. (By the correct vulcanization, the compound is made 
to manifest its best characteristics 

The principal aim of the testing of vulceanizates is to determine which among 
a given number of different vulcanizates (different with respect to composition 
vulcanization, or some other feature of processing) will turn out to be the most 
satisfactory for some particular later application. This is, therefore, testing for 
compound development. This is where the difficulties and problems begin 
Whereas in the previously outlined acceptance tests the comparisons are mad 
only on identical material with the same structure, in the testing for the dey 
ment of improved compounds this is not the case In this case it is neces 
evaluate materials of different compositions and consequently having different 
structures, with respect to the required future satisfactory performances 


No one presumably would be willing to predict from the duration of a life 


‘ 


test in the laboratory a definite life in service Nevertheless it is frequently the 
case that the results of the laboratory life test, together with the results of other 
test methods are utilized for the evaluation of the mixtures employed, and the 
compound with the longer life is considered to be more suitable. However, 
there is no certainty of the validity of this conclusion, There are various rea 
sons for this. It is also seldom expected that the relative differences in the test 
results for different mixtures actually stand in the same relation as in the series 
in the later uss It is, however, often assumed that the order will at least agree 
in principle Actually, however, there is no justification for any sharp art 
tion between these two conclusions; both are equally certain or uncertain, as the 
example in Figure | shows 

Figure 1 shows the result of a destructive test of carbon black compound 
in the St. Joe flexometer', where the life is a function of the magnitude of the 


alternating stress. The investigation shows the different behavior of two 


compounds with HAF earbon black compared with a compound with SAI 
earbon black and one with Corax L. The order of the compounds according to 


their life is dependent on the particular magnitude of the load at which the 
comparison is carried out. At large alternating stresses of 22 kg.and more, the 


compounds with furnace blacks can practically not be distinguished from each 
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other At a load of 19 kg., the compound with SAF carbon black lasts twice as 
long a8 the compound with Vulkan-6, whereas the one with Philblack-O falls 
between them, At an alternating stress of 17 kg., the compound with Phil- 
black-I¢ is better by a multiple theoretically 


infinite than the compounds with 
HAF blacks. Here there is a reversal in the order of Philblack-O and Vulkan-6 


Thus, ace ording to the chosen load, different re lative re lationships and orders of 
quality are obtained, It is seen that between correct, correct “in principle”, 
ing of these compounds, there is a fluid transition, so that no 
basic diflerentiatior 


Nua can be made in the cert iinty ol the evaluation T he test 
conditions must, therefore be so chose n that 


and incorrect order 


, from the test results, correct con- 
clusions ci drawn with respect to the qualitative ranking of the com- 
respect to their satisfactory performance in service 
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With intermediate times, the separate mechanisms contribute in different ways 
to the total behavior. With constant deformation velocity, there results a 
stress » 
; dz 
S=E-r+7 
dt 


Of course these processes influence all subsequently applied test methods 


TENSILE STRENGTH 


In the case of the tensile strength, therefore, the measured stress depends 
on the rate of elongation of the moving sample At higher speeds higher stresses 
oceur Since the modulus F and the viscosity 7 change markedly with tem- 
perature, the test is also temperature dependent; in particular 7 decreases at 
higher temperature It must be pointed out that in a tensile test, besides these 
influences, the tensile strength is only determined in part by the great number of 
the cohesive mechanisms, that is, by the average of the properties of the 
material, but principally by the structural ‘‘defects” in the broader sense 
These do not come into play in the determination of the behavior of the 
material under slight loads. The distribution of the stresses in the material 
at the same external force depends on the form of the test sample, inasmuch as 
an ideal uniform stress distribution over the whole cross-section is never at- 
tained King samples give lower tensile strength values than strip samples 
Calculating the stress on the basis of the original cross-section is, to be sure, 
general practice in rubber testing, but it is evident that, in a material with 
greater elongation, there is a greater load per unit cross-section at the same 
tbsolute stress than at lower extension, so that, for an actual comparison of the 
tensile strengths, the tensile product should be employed‘ 

The forces which prevail at rupture are very large and depart markedly 
from those which occur in service, 80 in this test quite different cohesive mech- 
inisms are involved. The same considerations apply to the stress values at high 
extensions 


HARDNESS OR SOFTNESS 


The values measured as Shore hardness or DV M-softness characterize the 
resistance of the material to deformation of the surface Depending on the 
duration of the indenting, the modulus of elasticity and the plasticity (dynamic 

scosity) become involved. The frequency amounts to about 0.1 to 0.3 cycle 
per ser ond The re produc ibility of the method has been greatly improve d over 
earlier test methods by the standard DIN 53,505 of October 1951 In com- 
parison with the United States standard® there is a significant improvement in 
that the length of the needle which projects outside of the contacting surface is 
exactly defined. This is very important, and it has enabled us to obtain a 


I 
significant improvement in standardizing the apparatus of our firm. Soden‘ 


has pointed out that Shore hardness measurements are perhaps 80 popular be- 
cause, a8 a consequence of their lack of sensitivity, there is little spread in the 
results. 
RESILIENCE 

Resilience is widely but quite improperly designated as elasticity. One 
should at least say resilient elasticity It has already been defined by Memmler 
and Schob’ as the elastic efficiency of recovered work over applied work in per- 
centage of the applied work. The impact process can be conceived as a half 
eycle, in which the vibration frequency amounts to about 50 to 100 cycles per 
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second®, The results are closely related to the modulus of elasticity and the 
dynamic viscosity of the material, as will be shown later on 


ABRASION 


The abrasion methods described are combination tests which attempt to 
simulate the requirements of the intended servic: It must be kept in mind 
that the test procedure according to DIN 53,516 lasts only 2.5 minutes and that 
over a distance of only 40 meters a readily measurable volume loss will occu: 
How great is the intensification of the destructive conditions and what guaranty 
is there that this intensification will be uniformly applied under all test condi 
tions, 80 that there will still be a proper simulation of actual service? We shall 
not go into the manifold difficulties; in recent times they have been the subject 
of numerous investigations’, We have got the impression that it will not be 
possible to simulate the complex process of abrasion on the road in a single 
laboratory accelerated test, and by means of a single accelerated test to obtain 
the same order of quality among different com ds, a8, for example, in a road 
test of tires. We have already discussed elsewhere how probably the only way 
to arrive at a useful evaluation is to combine the results of different appropriate 
tests of the individual decisive properties into a numerical measure, and yet test 
the characteristics one at a time. 


TEAR RESISTANCI 


It is difficult to find a satisfactory definition of this property in the literature 
The German Standard DIN 53,507 defines tear resistance as the “resistance to 
further tearing of a notched rubber sampl The ASTM in its Standard 
D 624-48 does not explain tear resistance in any more detail. The British 
Standards 903 define the tear resistance as ‘‘the force which is necessary to 
produce further tearing in a cut in a rubber sample by traction on the rubber, 
where the force is principally normal to the plane of the cut”. Busse" explained 
tearing as ‘‘the formation of new surfaces under the action of a weak for 
which this is concentrated at the end of a sharp notch or cut in the sample’ 
Apparently that property of the material is to be understood by which it can 
tolerate tensions which in a locally limited region considerably exceed thi 
tensile strength determined for large cross-sections. A material which is 


ct in 


designated as tear-resistant has the property either of dissipating local stress 
conditions by flow or by orientation in the region of great stress to form, before 


rupture, a structure of greater tensile strength than in the case of the ordinary 


rupture process 

The choice of the expression ‘‘structure strength rukturfestigkeit 
not a fortunate one. Any material in the supermolecular range in which we 
interested must have some definite order state or structure, and any type of 
destructive action involves an alteration of the structure apparently long before 
the onset of any change in the material Kven in breakdown tests (Zermuer- 
bungs-Pruefungen), this is not conceivable in an ' 

According to our experience it seems justified a 


resistance to initial tearing and a resistance to {| 

suitable methods to distinguish between them 

materials are rated in the order of excellence 

of secondary tearing (previously damaged sam; 

opposite way in tests of initial tearing (undama 
Ecker" has investigated the problem of wl 
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valuating a tear resistance test He found that, because of the high deforma- 
of rubber, the applied force very soon is distributed over the whole cross- 

so that the end result is that it is not the tea: 

sted, but the rupture strength The true tear resistance is 
f the material We have, 


ible to exclude the elongation ol 


as coming closest to the purpose of the measurement 

calculating the measured absolute value on the original 

tion of the sample, differs most from the test for tensile 

ngth In so doing we have found, in agreement with Ecker, that this is 
best met by the ASTM Standard D 624-48 Form C (Figure 3 Moreover, 
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slightest extension, as a result of the break 
least total stress, so that accordingly the criterion of 

test is fulfilled 
ie tear resistance, described as the ability to withstand 
is extremely dependent on the samp! since this deter- 
distribution, as Angioletti an yther ¢ ho have demon- 
as the most correct test for tear resistance that 


mines 
strated” a postulated 
method i ich Ul greatest stress concentration 1s ac! 3) which can be 
demonstrated by photoelastic methods 

a The abilits to withstand stresses or to dissipats them depe nds on the modu- 
and the dynamic viscosity of the material. These properties 


; I 


lus of elasticity 
depend on the velocity and on the temperature, 80 that the tear resistance 


values are strongly influenced by the test conditions 
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DYNAMIC TEST METHODS 


It has been recognized that the above menti 
ent to simulate the behavior of vulcanizates f 
ments in tires, spring elements, and similar appli 
generally is a question of a single process, wit! 
gree of tension In dynamic test methods, sma ind | 1d ernating f 
act on the vulcanizate. These latter methods a juently also better tl 
the static ones for bringing out smaller differences in t] mpounds 

Basic for the dynamic test methods are the ideas neerning the physi 
characteristics of the vulcanizates and the conc which have been dey 
for these Dillon and Gehman" have made 
methods which have been employed for th 
ties. The methods depend on free or forced 
also a distinction is made between resonance 
side of the resonance region 

The test methods which use free oscillations 
of the decay of oscillation processes Thus, for exampk t torsion pendul 
given an initial displacement, and the successive amplitudes of swings are 
measured. It is not easy to carry out an exact measurement of the magnitude 
The method has other fundamental defects Th iv of the amplitude of 
oscillation has an effect on the dynamic visce ty which is being measured, since 
this magnitude depends on the amplitude of oscillation. The free oscillations 
have the natural frequency of the system. In general, the natural frequene) 
of different samples is not the same, since it pends on the dynamic modulus 
of elasticity, so that the dynamic viscosity can t be measured at the same 
quencies. Yet the values depend on the frequency 

The methods which use forced oscillations emplo Vibrating system 
consists of a mass, 4 spring constant, and a damping element, and the 
latter magnitudes should as far as possible come from the rubber sample it 
The system is excited by an external sinusoidal alternating force, produced 
either electrically or mechanically, into a state of resonance oscillations. By 
varying the mass, various frequencies can be traversed, so that the values to be 
measured for different samples can be obtained by interpolation for the sam 
frequency. However, a wide frequency varia! s not ssible 
methods of forced vibrations outside of resonanc col he fores 
diagrams automatically or the 
simultaneous vibrations of the rubber sampl 
run through a very wide frequency range 

Attempts to standardize the different met! 
the United States. This is difficult, since it 
concepts on which the methods are based Marvis is incidentall 
nineteen different methods for a comparat 

It has already been stated that the dynan numerical values ch 
the material only for the test conditions under which t are obtained 
one finds dependence on frequencies, temper 


magnitude of the alternating load, as has 
’ 


Testing over different temperature ranges is curr pra German 

it should be pointed out that in general the dynar ise in the range 
about 30° C to 100° C decreases with increasing temperature, so that 
tunately the material, which tends to heat up du I absorption 

so less and less. Probably less well known is the dependence on the frequ 
and the magnitude of the load These too have in recent times been investi 
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e ranges for the most} diverse elastomers Qur own 

ie game (Figure 4 
n viscosity and the dynamic modulus of elasticity one can 
steresis and the energy absorption per complete cycle in the 
ise sense, and from that then the amount of heat developed. By taking 
nto consideration the heat loss by conduction, one can calculate exactly the 


itionship between the temperature evolutions to be expected and the proper 


la p W 
dering compounds, as Oberto and Palandri'* and the present author 
and Haendler” have shown. We have pointed out in detail'* that it is essential 
to ascertain, at least qualitatively, the nature of the demands of service and to 

the test conditions accordingly he further improvement of the dy- 


test methods and their evaluation presupposes, therefore, that the 
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itude of the 


ce demands become known or that more 


1g them than is at present the case This is 

every effort should be made to find out definitely 

mations and the forces in the individual parts of the tire 

be theoretically possible, with sufficient knowledge of 

et up an energy balance for a given tire and to calculate the 
‘ 


ons of the tread, carcass rubber and cord) et« to the heat- 


test methods which have been described in many different 


j 1 hi 
ave been reported by Krug” and Kickstein”, show in their 
with the mechanical magnitudes, a fact to which attention 
Wolf, for exampl The merit of the measurement of 


"5 
consists in the better insight they give into the structure of 
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the material, particularly in the case of semiconducting carbon-black com- 
pounds, which are used currently in ever greater amount, as well perhaps as 
the help they afford in studies of dispersion of fillers. However, to date it has 
not been possible to draw any useful conclusions about the decisive mechanical 
properties from the electrical properties. 


REPRODUCIBILITY AND SPREAD OF THE MEASUREMENTS 


The necessity of overcoming wide variations has arisen because of the 
progress in industrial research. It is not sufficient in the rubber industry to 
seek the causes of errors chiefly in errors in the methods of measurement. Be- 
tween the idea of the compounder and the results furnished by the tester there 
is & succession of processes which introduce marked variations, and thus all 
contribute to the presence of errors in the end result 

For the description of these variations, statistics has been fundamentally 
expanded and developed, chiefly by English investigators, to meet the needs of 
natural scientists and engineers These statistical methods freque ntly make 
it possible to answer questions which previously could not be answered™ 
Within the limits of these discussions, we can only give a few examples of thi 
variance of test results. To avoid misunderstandings, it must be emphasized 
here that mathematical statistics cannot remove the variances but merely 
describe them exactly and guard against false conclusions in the evaluation of 
the test results. It is self evident that, as much as before, it is still one of th 
duties of the tester to be concerned with the most closely controlled mixing, 
exact vulcanization, and exactly prepared test samples, and to be scrupulous 
about the accuracy and the sensitiveness of the test apparatus 

The value of statistical methods can be demonstrated by an investigation 

of the influence of atmospheric conditions on the results of the De Mattia test 
with perforated test samples (crack growth The previously aged samples 
tire tread) were first punctured, then stretched in the machine, and the time 
measured that was required to form a split of |1/2inch. The testing was carried 
out both on the roof of the laboratory building (where the samples were 
sheltered from rain and direct sunlight) and indoors. The results were as 
follows 


Sample ne ndoors Outdoors 


iSO 
100) 
510 
5OO 
470 
195 
520 
1K 


5O5 
Average 1 = 530 min 95 min 


Mean square 
deviation 8; = + 11.4 min $7 t 15.6 min 


The question now arises whether this differe: 
actually be attributed to various atmospheri 


by errors in test methods and variations in th: 
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It should be noted that the answer to the question of the magnitude of the 
variance of the series of measurements depends on the number of test samples 
(a large number of samples gives a better indication of the variance) and also 
finally on the degree of certainty with which one wishes to make an assertion 
The choice of this certainty is of course arbitrary, yet in practice it has proved 
to be the case that, in general, a statistical certainty of S 95 per cent is 
satisfactory. This means that with very many repetitions of the series of 
measurements one can expect in 95 per cent of all repetitions that the same 
outcome will be obtained. It is an advance in mathematical statistics that it is 
no longer necessary to carry out series of measurements with, say, one hundred 
individual tests in order to obtain a reliable result. The possibility of a non- 
Gaussian distribution for a small number of samples has been studied and 
tables of functions have been worked out for such a case. This t function de- 
pends, not only on the number of tests performed, but also on the statistical 
certainty demanded. Although the derivation cannot be given here, the two 
mean values are to be evaluated according to the following formulas: 

"fo 


84° 


} 
be N,-N; 
VN; 4 
where Z,, Z, are the mean values of the individual test series, 


are the mean square deviations 


V,, Ny are the number of samples 


The calculation in our case gives a value of t 5.40, which according to the 
t function corresponds to a certainty of more than 99.9 per cent. This states 
that the difference between the two mean values is so certain that, with 1000 
repetitions with 9 samples each, it would be found again in more than 999 
cases, or, from a practical point of view, the difference is to be attributed with 
certainty to various atmospheric influences and cannot be explained by errors 
in the test results 

A further example will serve to show what this method accomplishes. In 
another case the vulcanized unaged De Mattia test strips likewise from a tire 
tread compound were perforated, and the subsequent tear measurements made 
outdoors and indoors We obtained the following results 


Series II] i 

Indoors putde 
590 180 
500 145 
150) 405 
155 360 
500 120 
10 560 
160 130 
$05 390 
470 400 


Average 168 min , 130 mir 


Mean square 
deviation ‘ = + 34 min 8 + 51.6 min 
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To evaluate the certainty of the difference, the variance of the difference 
84 13.7 was computed and, from this, ¢ 1.84 calculated. The tables for ¢ 
show that the certainty of the difference between the two mean values is less 
than 95 per cent, that is, that the difference may possibly be attributed to the 
spread of the test results. Since the function depends on the number of 
samples, as well as on the certainty required, it may be asked how many samples 
must be chosen when a test is repeated in order to settle the problem. If, in 
this connection, it is first assumed! that the range of variation just found will 
not change when the test is repeated, then from the formula for t, a value for 
N, N, can be calculated. In our example, it would be necessary to repeat 
the experiment with 12 samples. It would be preferable to choose more sam 
ples, say 15, in order to take into account a change in the variance 
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Oeto-Harte 


5 Dependence of the dynamic adhesion on the Defo hardness of a natural-rubber 
carcass compound containing SRF black 
Adhesion 262-0.001 254 Defo hardness 
Cord 1650/2 stretched 


Correlation coefficient r 0.39 


ndicates the dynamic adhesion (time in minut the absciasa the Defo hardr 


The important point 1s that, with the he Ip of these methods, a better plan 
ning and evaluation of experiments is possible than was previously the case™ 
Suist has shown this in connection with the design and performance of the 
comparative testing of the International Standards Organization for the 
abrasion tests with the du Pont machine*. Mandel and coworkers have given 
a similar demonstration in the planning of the road tests of tires carried out by 
the Bureau of Standards? 


RELATIONS BETWEEN THE RESULTS OF 
DIFFERENT TEST METHODS 


Statistical methods are also useful for bringing out the relationships between 
various properties. These functions are, to be sure, formulated, not according 
to their physical content, but according to the laws of probability Suist and 
Davies* has given a number of examples of the application of these methods 
We have investigated, for example, the dependence of the adhesive properties 
of cord-to-rubber on the degree of mastication of the uncured compound applied 





1094 RUBBER CHEMISTRY AND TECHNOLOGY 


under pressure (see Figure 5). The marked scattering of the values of the ad- 
hesion would presumably not allow any evaluation of the results. 

If one first assumes a linear relationship then the straight line through the 
field of points must take into account the scattering of the values. The 
statistical method gives the simple linear regression equation: 


Adhesiveness = 2.62 0.00125 Defo hardness 


In each case it must be ascertained whether such an equation applies. The 
regression coefficient indicates what average change is to be expected in the ad- 
hesiveness when the Defo hardness of the pressed on compound changes by 1 
unit 

The regression equations can also be extended to a number of properties; 
for example, like the dependence shown by Thornley?’ of the road wear of tires 
in order of merit) on the Shore hardness and the tensile strength of the com- 
pounds used for tire treads. The equation is as follows: 


Road wear 36.4 + 0.912 tensile strength + 0.431 hardness 


The linear regression can also be employed to investigate whether there is a 
correlation between the results of different test methods. The study of such a 
possible correlation between the different test methods affords a deeper under- 
standing of the test process and of the demand on the material. The knowledge 
of the relationship makes possible a judgment as to the informativeness of the 
individual tests. It provides a means of arriving at better and more precisely 
defined test methods. Such knowledge about the information value of a test 
method is necessary for judging what weight to give when the results of a test 
are to be included in the overall evaluation of a compound quality within the 
framework of the indications of all the measurements 

Suist and Davies investigated the correlation of the results of physical tests 
on tire-tread compounds with different blacks and different filler contents and 
calculated* the correlation coefficient r. By this coefficient is meant a measure 
of the accuracy of the correlation between two or more quantities, which can be 
measured in any case only with more or less scattering and between which, as a 
first approximation, there is a linear relation of the nature of 


yma+br 


The value of this coefficient lies between land + | Forr + 1, the linear 
relation is exact in the above form and y increases with z. Forr 1 y de- 
creases with increasing x. For r = 0 there is, in general, no correlation 
between the two series of measurements. The correlations found by Buist are 
given by Table |! 

Budd and Larrik®* studied the results of various life tests on cord and cal- 
culated the correlation coefficients for them in a similar manner. 

When two test methods have a high correlation coefficient, this indicates 
that they are measurements of closely related properties of the material. Those 
methods which show no relationship are testing different properties of the ma- 
terial. The qualifying statement must be made, however, that this is strictly 
the case only provided that, in both cases, the magnitudes of the severity of the 
treatments are the same, or at least similar 

The correlation coefficient r is related to the regression coefficient, but this 
will not be further pursued here, since the theory shows r? is a measure of the 
relationship between the variance of the two or even more investigated values. 
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In the example of the dependence of the adhesion cord-rubber on the degree 
of mastication of the carcass compound, the correlation coefficient r 0.39. 


viations of the adhesion can be at- 


This means that only 15 per cent of the de 
} 


tributed to ds itions of the 


Defo hardness of the compounds employed; the 
sought in other causes In the case of the multi- 
ple regression calculated by Thornley between road wear on the one hand and 


tensile and hardness of the tread compound on the other 


far greater remainder is to be 


the correlation co- 
efficient amounted tor 0.913 This indicates that about 80 per cent of the 
total deviations in the ordering according to quality of the tire compounds with 
respect to their road wear are to be attributed to the mutual influence of hard- 
ness and tensile strength, or to some property underlying both of these. The 
residual deviation is due to the variance of the test method of road wear or to 
other influences which are not contemplated in the test 

The researches on the formation of multiple regression equations or multipl 


correlation coefficients indicate the possibility of replacing the unsatisfactory 


complex test methods, such as the abrasion test, by an exact combination of the 


results of the measurement of individual properties, and thus of making progress 
in this field 


The methods of mathematical statistics describe the relationships between 
different properties only on the basis of the test results obtained and their 
variance. They are valid, therefore, only in the range studied and only with a 


certain reliability. They look at the correlation from the outside, so to speak, 


instead of from the point of view of physical content It is conceivable that, 


even with very high correlation, there is no immediate connection between two 
properties. These might rather, for example, be related to each other indirectly 


through a third property which underlies the two measured quantities For 
this reason statistical relationships are valuable as an indication of actual inter- 
relations of a physical nature. The search for direct physical relationships and 
laws is thus by no means rendered superfluous by the statistical methods 

We include two more examples of investigations of this sort, to which we 


ve already referred previ usiy!' The deal wit 


the relation of the dynamic 
properties of vulcanizates to seve! il test methods in current use 


| in Germany 
The indicated relationship ave been studied by us with additional com- 


pounds, for whicl 


The relationship h al ly | ived'’ The process of deformation 
in the rubber sample | yi ! as { nivibration or half cycle For the 


: ) 100% 


In this expression F is the dynamic ipression modulus, 7 the dynamic vis- 


cosity, and w the angular frequency hie 1 this e: s calculated from the 
duration of the impression 


As the formula shows, the resilience increases with increasing modulus of 
elasticity and decreases with increasing dynamic viscosity It is also known 


that the resilience can be used as a measure of the hysteresis of compounds 
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when the samples are of equal hardness. The pronounced dependence of th 
dynamic viscosity on the temperature also explains the temperature depend 
ence of resilience Figure 6 shows the relationship between the values cal 
culated from the dynamic properties by the above approximation formula 
In order to deal with a sufficiently large range, it was necessary to employ com 
pounds of widely different character The agreement can be considered good 
although the calculation with the above mentioned assumptions gives values 
that are somewhat high This is perhaps to be attributed to the fact that the 
deformation of the sample goes past the equilibrium position after the pendulum 
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The percentage damping introduced into rubb i ry Roel not 
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where £ is the dynamic compression modulus, 7 the dynamic viscosity, and f the 
frequency. By more recent calculation of the example given earlier, the rela- 
tionship in the region of intermediate damping has been somewhat improved 
(see Figure 7), yet there remains a considerable discrepancy at the higher 
damp ing values, This is presumably to be ascribed to the dependence of the 
modulus of elasticity on the magnitude of the load as well as on the different 
sample shapes in the two test procedures. The form factor has an —s 
great influence on the compression modulus and the smaller sample shape ir 
Roelig’s study (slabs 4 mm. thick and 40 mm. width) gives a higher <i wen 
than our test samples (square cylinder of 20 mm. height and diameter 











% 28 
sepnek: berechnet (% 1] 


~ [= 14(2E/n? ty) 
6 
Dam 


Per tage da ng by the method of Roelig, measured and calculated from the dynamic 
The " nds are those of Kainrad! and Haendler'* The ordinate indicates the measured 
a the abeciasa the ca ated damping 


PREDICTIONS ABOUT SERVICE QUALITY FROM THE 
RESULTS OF LABORATORY TESTS 


It is evident that, in any development of test apparatus, the intention is to 
make it possible to draw conclusions as to the suitability of the tested material 
for a specific application. It is well known in the case of many test methods 
that this goal is not attained. The tests are performed and then the comment 
is made that conclusions regarding the satisfactory service use are not possible. 
Thus, the International Standards Section in its recommendation for the abra- 
sion testing with the du Pont-Grasselli machine determined™ that the correla- 
tion with the road test results is to be sure faulty, nevertheless because of 
commercial reasons a standardization of the method should be carried out 
Such a state of affaris can only be regarded as unsatisfactory In particular 
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the life tests should make possible estimates of the applicability of different 
compounds for a sper ifie application 


LIFE TESTS 


Thus the purpose of the Martens test apparatus for breakdown tests on 
cylindrical sample s was to simulate the destruction of the material in massive 
truck) tires. In sy of the identical load used in a comparison of different 


compounds, the test is by no means comparable with a definite service condition 
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Ternperaturerhihung °C ) im Kugelzermurbungsopp. n Martens 


Fic. 8 Temperature rise in the St. Joe flexometer, with constant alternating streas, and in the Martens 
eakdown tester Tread compounds of natural rubber and ‘* i bber’’ containing BAF and HAF blacks 
different plasticizers Shore hardness 47-66 The legend on the diagram shows the test conditior 


Teat-specimen: cylindrical 38 mm. diam. and height 
Vertical load (static initial load 13.8 
Horizontal load: 6 kg. constant 
Frequency: 15 cps 
Temperature measurement: after 30 
Ball breakdown 

Test-epecimen: ball 40 mm. diam 

Load: 25 ke 

Revolutions: 130 r.p.m 


per aq 


The ordinate indicates the temperature rise in degrees Centis i r the Bt. Joe flexometer: the abeciasa 


temperature rise in the Martens ball breakdown apparatus 


under constant force, as we have already shown and propose to show again here 
on the basis of additional comparison materia igures & and 9 give the 
results of comparative tests in the cylinder breakdown tester (Kugelzermuer 
bungs-Pruefer) and in the St. Joe flexometer, with constant load and constant 
deformation. The relationship in the two cases is very poor, an indication of 


the undefined relationships in the cylinder breakdown test apparatus 


Depending on the magnitude of the deformation, the acting force, and 
the dynamic viscosity of the material, part of the applied mechanical! 
work in breakdown tests of the above type, is converted into heat, and 





1100 RUBBER CHEMISTRY AND TECHNOLOGY 


this gradually leads to destruction of the material. the comparison of 
different compounds with the same modulus of elasticity, it can, however, hap- 


pen that some materials, in spite of greater heat development, last longer, so 
that, besides degradation by heat, a direct mechanical attack must be assumed”. 
The question arises as to which properties are decisive for this longer duration. 
Since rapidly alternating stresses (varying both in direction and magnitude) 
the decision must be made possible by a dynamic test of the tear resistance. 























100 
Temper aturernonung (°C ) en Kugel zermurbungsapp. n Martens 


» Bt. Joe flex constant deformation, and in the Martens 


of natural rubl und “‘eold ru r containing SAF and HAF blacks 
os 47-066 


constant 
) ope 


easurement: after 40 min 


ball 40 mm. diam 


er: the absciasa 


In this test the opmen f heat must be preve nted as far as possible in 
order to measure the effect of a direct mechanical attack. Figure 10 shows the 
influence of the sample height on the temperature of destruction of vuleanizates 
under different test conditions. The lower test samples reach the same life 
periods at lower temperatures, in sy] i¢ fact that they are exposed to 
greater alternating forces By decreasing the height of the test pieces, an ap- 
preciable shifting from thermal to mechanical causes was attained 

The determination of the end of the test must be carefully studied and de- 
fined. A careful observation shows that the material undergoes continuous 


change during the exposure. The flow (progressive deformation at constant 
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force) indicates a continuous alteration of the structure This continuous 


change of properties could already be interpreted as incipient destruction 
it can be borne for different lengths of time by different materials, it is 
seldom decisive for service life as long as it remains within certain limits. In 


deciding when the end of a life test should be considered to have been reached, 
one should regard even the slightest mechanical degradation (depolymerization 
by intense local heating, tearing, or wear) as an indication of this. In the case 
of a tire in particular, the occurrence of such local damage leads rapidly to 
complete destruction of the whole tire On the other hand, in many fatigue 
tests with constant deformation, it turns out that by the early appearance of 


such a small damage the mechanical stresses at this place are markedly reduced 
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The legends on the « 


The test-piece made of this compound is less sey 

course of the test and, under certain conditions, ca 

which show later incipient destruction In te 

must be taken which will make the beginning of destruction 
able, and enable one to observe the change of the modulus « 


material during the whole test 


AGING TESTS 


The methods for the artificial aging of v ites give differ 
orders of quality in the compounds tested, and th 10M iations f: 
natural aging. The procedures which have been prop d for arti l ozoniza 


tion show little agreement in the results with natural ng chneider™ has 
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shown. The apparatus employed to determine the bend-cracking resistance 
Biegerisswiederstand) furnish for the most part results that are hard to re- 
produce and which compare poorly with each other 

Aging tests carried out in cabinets differ from later conditions in service 
principally in the absence of light and motion of the test-piece. It should at 
least be made certain to that the total volume of all the samples does not exceed 
a certain ratio to the volume of the cabinet. The International Standards 
Organization proposed a ratio of 1:10 as the upper limit. In ordinary aging of 
samples, it is possible that antiaging materials diffusing out of protected com- 


} 


pounds may also tend to protect compounds which contain little or no antioxi- 

dant? Furthermore, volatile oxidation products can be evolved from more 

s0 that, in the protected compounds, too a more rapid 

aging can occur iV { a natural rubber tire-tread compound with 

phenyl-2-naphthylamin aldol resin, aldol powder, Nonox HFN, and 4010, 

alone and together with unprotected compounds, in the Bierer-Davis oxygen 

The free space in our experiments with a fully loaded bomb amounted 

ti mple volume, kept the same in each case. Nevertheless, we 

found several cas fa mutual effect. These results need to be confirmed by 
additional studics 

An essential defect in the static tests is the fact that they offer a stationary 

to ozone attack. The incorporated light-protection agents Case a 

rate to the surface and form a protective film. The test 

different if moving surfaces are exposed to the attack of 


any protective wax film that may be present is 


rupt ired % 7 wt, three methods are known in practice the du 


Pont chain test®, the Mattia bend-crack test”, and the outdoor flexing 
machine of Vanderbilt™®. In the two first cases, the dynamic loading is great 
and even in enclosed spaces destruction ol the test pieces takes place by crac bh 
formation 

A probl ] Int mn te 
of aged test-pieces which | 
quently proposed preparation of thin sections with accompanying integration 


of the remaining cross-section surfaces is probably out of the question, so that 


ng test methods is the comparative evaluation 


Lili “UPI 


iave undergone different forms of attack. The fre- 


there remains no other recourse than visual inspection We had good success 


with photographs of characteristic stages ol deterioration This method is 
standardized for the De Mattia test without perforation according to the British 
Standards 903 , method of evaluation of the BS 903 is noteworthy, and 
it has been empl d by us with good success. ‘The conditions of deterioration 
observed durin J wh yurse of the test peri ! are classified with the aid of 
these photographs and are all calculated back to an intermediate state by a 
method veloped by Newton** on the basis of statistical investigations The 
test results are more easily overcome by this means 

a distinction should be made between initial tearing 
and subsequent tearing The statement made earlier holds, that within a 
series of compounds (tread compounds), compounds which tend to show initial 
tear often show greater resistance to subsequent tearing For the test of the 


ondary Mattia) the test-piece is perforated, for which purpose 


a small devi commended by the International Standards Organization 


We have made a the gh study of this test. The results show considerabl 
dispersion if one uses the method of stressing at present prescribed in the United 


States’ or in the British Standards in which the stretched length of the 
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samples is greater than the elevation. The test strips thus remain in a bent 
state, and there is no change of direction of the stress. The test time is de- 
creased by a power of ten and the relative scattering (Variationskoeffizient) 
reduced considerably if the stretched length is so chosen that it is equal to the 
greatest separation of the jaws. 

A defect of the weathering tests is that the weather conditions which pre- 
vail during the test are always a matter of chance and at best can be only ob- 
served, not created. It would be necessary to investigate the climatic and 
meteorological relationships intensively over long periods and taking into 
account the necessary viewpoints with respect to rubber testing, in order to 
create the statistical bases for the definition of a ‘‘normal climate’. We have 
determined the ozone content of the free atmosphere in Traiskirchen twice a 
day for a year, and found a monthly average of 1.65 to 3.36 & 107° parts by 
volume of ozone per unit volume of air. Individual peak values ranged from 
5 KX 10°-* to S K 10°*, but the latter value was found only three times during 
the year of observation. The high ozone concentrations occurred frequently 
during a strong south wind (Foehn) or before thunderstorms, yet they were 
also found just as often without our observing any peculiarities in the weathez 
A standard climate defined on the basis of such observations would have to 
form the basis for the tests in a weathering cabinet similar to the ones that are 
used in the United States. Ford and Cooper*’ have given a detailed description 
of such a cabinet, which they constructed for investigations of aging, and em- 
ployed with simultaneous dynamic working of the test samples. Hitherto the 
attempt to separate the mechanical deterioration from the attack by atmos- 
pheric agents has seldom been made. The influence of the atmosphere is very 
great as Kuzminskil** has demonstrated 

A distinction has often been made between protection vs. aging and pro 
tection vs. fatigue. It has seldom been defined what is to be understood by 
this. If one expects to achieve a better capability of resisting deterioration 
caused by purely dynamic punishment and the accompanying heat development 
by the addition of an antiaging protective agent, then it must be exactly stated 
on the basis of what dynamic test this assertion is mad By the addition of a 
protective agent to the compound, a softening may be produced in the vul 
canizate, 80 that this protects * dg compound looks better in a test with constant 
deformation than a « ompound with higher modulus of elasticit With a given 
strain, the softer compound will be under less mechanical stress. The De 
Mattia test, the du Pont chain bending test, the outdoor flexing test, and pe 
haps even the ball breakdown test are to be considered treatments at constant 


deformation. We have so far not been able to find that a compound protected 
vs. aging has actually attained a longer life in the flexometer 


THE CHOICE OF TEST METHODS 


It would theoretically be desirable that the various conditions to which the 
completed article is to be subjected, and consequently the compound to be 
tested should be clarified qualitatively and quantitatively. It is self-evident 
that it must be distinguished whether the deformation or the alternating load 
is what is prescribed. Especially for tire compounds, it must be known how 
great are the shearing, the compression, and the tension forces, and how gr 
the constant and the alternating load, and how 
of the difficulties, every effort should be made t 
have of the demands on the material in tires 


, 
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photoelastic techniques can be applied to the investigation of the stress condi- 
tions in the field of rubber technology ‘has also described the procedure 
ting stresses in tire cross-sections. Kern” has described the 


f ’ 
bipe 


lor investiga 
for the study of the rain paths of the pr le blocks of tire 


methods avaiable ! 


tr } and how the stress relationship an be ascertained in raised ellipses 


(AUB , 
A ufstandsellipses re Further Loughborough and coworkers“ have 


1 themselves with the stress relations of the cord in the tire. They 


oncerned ly 
attached wire loops next to individual cord strands at definite distances apart 
ind determined these distances with x-rays after the tire was pressed off. We 

rain gauges to measure the stresses of the innermost layers of cord 


It must be attempted to apply the measurements to 


ii} 


nning at high During the war, Brunner® measured the tempera- 


u hig 


ire continuously in 4 tir ma moving automobil 


In practice, of course, the testing of compound development cannot wait for 
bove As long as the actual influences 


exact answers to the questions posed abov 


to which the vulcanizate is exposed in service are not known, just so long must 


one make the best of other methods in order to be able to draw some conclusions 


and to achieve some progress in the testing technique for compound develop- 


ment There are three possi biti 8 in this direction. 


COMPOUND DEVELOPMENT FOR THROWING LIGHT ON 
BERVICE REQUIREMENTS 


For the preparation of an article, different compounds can be employed, 
which differ from each other particularly in the properties that are important 


I 


for a definite requirement In this connection, qualities with the strongest 


possible differentiation must be selected, even if, for other reasons, there may be 


no intention of using them later. The first compound development must be 
undertaken for the sake of throwing light on the required properties in the 
interest of a later detailed development. Naturally it would be ideal if the 
compounds which are to be compared were to differ only in the characteristic 


that is to be studied, but this is hardly likely to be the case 


OF PROVEN REPRESENTATIVE TYPES 
presentative types that meet, or 

ice better than 1¢@ same article 
Of course there must be some 


inged, on the averag ver a 


rticles were not together in service simultaneously 
harac- 


that one has some idea of the necessary « 


e all take these characteristics into 
ical ilysis must 
two m rial r else the 


methods ire to be pi wressivel improved until @ GeCISIV rence can be 


obtained Then the ensuing compound development must em} » secure 
these p yperties of the mate rial which hs already proves | » | satis- 


ctory. The testing of tl ompounds so developed should, « yu make 


ise principal of those methods which ve! ( large diffs 


loosening of the 


onditions 18 to 
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bring about a gradual change of the properties of the mate! 
damage must lead to a falling off in the decisive 
properties can be considered as a guide to the nature of the service conditions 


operties The alteration o 


ind used as a criterion for the laboratory testing. Thus Buist* has investigated 
the time de pe ndence of abrasion on the road and compared it with the labora- 
tory abrasion results He found that, in one case, the rate of wear decreases 
with time, in the other the opposite is true, and he proposed that the laboratory 
tests be modified progressively until the course of the test process should be 
come at least similar to that in the road abrasion 

Williams, Hannel, and Swanson“ investigated the change of tensile strength 


P ra 
m VEG 


from different portions of tires that had run for ious times and testing them 
They found that, especially in the flexed zone of the tire wall and in the inner 
layers of the tire there was a pronounced lin ar decrease of tensile strength with 
the running time of the tir This analy shows that the linear decrease of 


of the cord during the time of running in a tire i i tests by removin 


tensile strength of the cord must be cl | to its fatigue in the tire 
The investigation of the change in tensile strength of ds after being subjected 
to various treatments in cord fatigue t rs fore, a criterion useful in 
the deve lopment of a cord-fatigue testing program I iuthors made a study 
of various test apparatus and found that the o1 ipabl reproducing 
the decrease of tensile strength of the cord and o ring the different types of 
apparatus in the same order of merit as that found in tires was a modified 
Goodrich compression fatigue tester. The n 

of the test pressure 


SUMMARY 


A critical consideration shows that the test 
canizates often fail to make possible a reliable « 
compounds out of a series of development form 
evaluation for subsequent use The tester b 
bring about an improvement in this unsatisfactor 
cannot be accomplished by the improvement of existing methor 
the creation of a new apparatus A closer cooperation betwes 


testing and application is necessary 
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DETERMINATION OF SULFUR BY WET COMBUSTION 
WITH PERCHLORIC ACID * 


Per Ovor Berual 


Sweoisn Forest Propvucrs Resear 
ANALYTICAL LABORATORY, SrTocks 


In this institute the sulfur content of wood and pulp samples has hitherto 


been determined by the method of Grote and Krekele: The sulfur content of 
these samples is sometimes fairly low, of the order of 1 per cent or less, so that | 
yram or more 1s re quired for Cm h analysis, This if ads to le ngthy combusti ris 
n some samples the considerable ash content made the combustion tubes be 

come opaque so that they had to be frequently replaced, leading to increased 
costs. 

Secause of these disadvantages it was decided to try wet combustion tec] 
niques for wood and pulp samples. First a method described by Klingstedt 
was applied to pure organic substances, such as sulfosalicylic acid and thiourea; 
the results were often low and the length of time required for digestion, 2 to 
hours, was considered disadvantageous. When the resulting solution was 
evaporated to dryness, a more or less black residue, obviously containing charred 
decomposition products, was sometimes obtained, an indication that the 
oxidation was not complete 

With this experience in mind, attention was turned to methods using per 
chlorie acid for the wet combustion. Such methods for the determination of 
sulfur have been described by Kahane and coworkers, first in a method applic 
able to vulcanized rubber*® and later for samples of biological origin’. These 
methods were developed further by Wolesensky® and Smith® for the determina- 
tion of sulfur in coal and in 1934 Kahane and Kahane’ described a general 
method for determining sulfur in organic substances 

Preliminary experiments in this institute confirmed the observation of 
Kahane that sulfur-containing gases escape if the wet decomposition with 
perchloric acid is done in open vessels. The escaping gas is presumably sulfur 
dioxide, as no hydrogen sulfide could be detected 

According to Staudinger and Niessen*, carbonyl! sulfide may be formed in 


some cases. This substance is a relatively stable gas, and it is possible that it 


escapes when the oxidation is carried out in an open vessel. 
The experiments were continued with the apy 
Figure | When this apparatus was used, recoveries of sulfur were quantita 


yaratus pre viously described*® 
tive (see Tables III and 1V), even when iodic acid was omitted, so it was con- 
sidered superior to the one described by Kahane 

After the wet combustion, the reaction flask contains a mixtu! verchloric 
acid and the sulfurie acid to be determined, together with a small amount of 
nitric acid and the decomposition products of perchloric acid. After dilution 
with water, it is possible to determine the sulfate content direct by precipitation 
with barium chloride solution. This procedure is, however, time-consuming 
and laborious, and it would be more desirable to transform the sulfur into 


* Reprinted fror Analytica hemiatry, Vol. 28, No. 1, pages ; 2, January 19% 
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hydrogen sulfide. This may be accurately determined by volumetric or colori- 
metric methods, which are much more sensitive than gravimetric methods for 
the determination of sulfate 

Boiling with a reducing mixture containing hydriodic acid as a method of 
reducing sulfates to sulfides was proposed by Lorant'®, and this technique has 
been further developed for analytical purpose by Luke", Roth’, and Johnson 
and Nishita”. The method of Luke" for the determination of sulfur in rubber 
was of special interest because here reduction takes place in the presence of 
perchloric acid. This would appear to involve great risk of explosion. Experi- 
ments showed, however, that when the reducing mixture of Luke, which con- 
tains hydriodic, hypophosphorous, and hydrochloric acids, was boiled with 


Fie 


loric acid in the proportion 3 to 1, there was no tendency to violent re- 


action; in fact, no reaction at all took place When the experiment was re- 


peated with mixtures containing more perchloric acid, a slow formation of iodine 
was obtained It is obvious that if the reducing mixture is boiled with per- 
chloric acid in the proportion 3 to 1, the temperature, about 120° C, is so low 
that the oxidizing properties of perchloric acid do not appear. In wet decom- 
position experiments the oxidizing properties of perchlori acid begin to be 
noticeable : about 150° to 180” ¢ Having carried out thousands of sulfur 
determinations, the author is convinced that there is no risk of violent reaction 
in boiling perchloric acid with the reducing mixture in the stated proportions 

When the reducing mixture was added directly to the mixture in the reaction 
flask after the wet decomposition, in order to boil off the hydrogen sulfide, some 
difficulties arose Residual nitric acid and other oxidizing substances such as 
chlorine caused a formation of free iodine, which reacted with the hydrogen 
sulfide alre ady formed Hydrobromi ‘ai id whi h re duc es nitric ac id and other 
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Fia. 2 Apparatus for red 


oxidizing substances formed without affecting the sulfuric or the perchlori 


acid, was found to be a most suitable reagent for destroying these substances 
After this treatment, the hydrogen sulfide could be boiled off without any forma 
tion of iodine 

The quantitative experiments on the reduction of sulfuric acid to hydroge 
sulfide were carried out in the apparatus shown in Figu In order to avoid 
any oxidation of the hydrogen sulfide formed, nitrog yreviously freed fror 


oxygen by the method of Meyer and Ronge™, was used as carrier gas A] 


though no abnormal results were obtained when nitrogen was used without 
prior purification, it seemed wise to standardize the purification procedure 
since the quality of the nitrogen may vary in different , cylinders In order 


TABLE I 
Repuction or Potasstum SuLFATE wiTnHouT ApDITIONS 


(Theoretical, 18.38% 8 


found 


9 06 7 99.95 
10.10 84 100.05 
11.19 100.16 
U6 , 100.05 

l 100.05 


1] 
1] 
11.40 ' 100.27 
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Tape II 
Repuction or Potassium SuLFATE 
(Hydrobromic acid and perchloric acid added. Theoretical 


‘ 


18.29 99.51 
18.41 100.16 
18.44 100.33 
18.20 99.02 
18.41 100.16 
9.78 18.48 100.00 


to reduce the amount of hydriodic and hydrochloric acids carried over into the 
receiver, water cooling was introduced, but it proved unnecessary to scrub the 
gas with water or dilute hydrochloric acid to remove acid fumes. The amount 
of these carried over during a 15-minute distillation is more than neutralized if 
the receiver contains 20 ml. of 3N sodium hydroxide solution. As the gases 
escaping from the apparatus are harmless, it can be operated on an open lab 
oratory bench. The design of the receiver and the titration of the hydrogen 
sulfide have been dese ribe d'*, 

To ensure quantitative recovery of sulfur with the reduction mixture of 
Luke, experiments were carried out in which dried potassium sulfate was boiled 


Taare [Il 


IN¥YLUENCE oF Some AppITIONS BEFORE Wet DECOMPOSITION 


Variations. 1. According to procedure given for semimicro-samples 


2. Preoxidation with NaOH + H,O, 

3 Preoxidation with Br, t HO; 
500 mg. of glucose added 

5. Ammonium chromate added 


r 


Amount 


taker 


Subetance 


Taurine 


Sulfonal 


Ba salt of 
sulfoacetic 
acid 
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with 7 ml. of the reduction mixture in the apparatus mentioned. The results 
are given in Table I. As these results were encouraging, similar experiments 
involving the addition of 2 ml. of perchloric acid and pretreatment with hydro- 
bromic acid (see below) were carried out. In view of the success of these 
experiments (Table II), determinations of sulfur in organic substances were 
attempted. The final procedure for semimicro-samples is given below. With 
this procedure the results became quantitative, the recoveries being between 98 
and 101 per cent (see Table IV). 


Tasie IV 
Typical Exampies, ANALYSIS oF Pure SAMPLES 


Amount 
taken 
Substance mg 
Sulfosalicylic acid 21.89 
22.21 
Thiourea 19.92 
22.69 
1-Cystine 20.43 
20.59 
Mercaptobenzothiazole 18.09 38.34 
19.48 
p-Toluenesulfony! chloride 22.46 16.82 
p-Bromosulfonylanisidine 28.57 9,37 
22.62 
1 (4-Methoxypheny])-propane-2- 
sulfonic acid, Ba salt 19.12 10.76 
1-Pheny]-3-hydroxy propane-2- 
sulfonic acid, Ba salt 14.82 11.29 
Sulfur 9.03 100.0 
Barium sulfate 20.15 13.72 
Potassium sulfate, see Tables I and II 
Benzy] disulfide 60.00 26.03 
11.84 
s-Benzylthiouronium chloride 12.50 15.82 
10.69 
Pheny|lthiourea 11.38 21.07 
11.69 


APPARATUS 


Wet decomposition apparatus (Figure | 

Apparatus for determination of hydrogen sulfide (Figure 2). The appara 
tus is made of borosilicate glass with standard-taper joints; the ball and socket 
joint, L, has been introduced to reduce strains when handling the apparatus 
The absorption vessel, M, and the titration flask, P, have been described'* 
It is essential that the titration flask be made of extra-thick glass, to avoid im 
plosions. The size of reaction flask A is not critical, and for semimicro-samples 
50-ml. flasks can be used. When flask P is to be evacuated, mouthpiece F is 
connected to a water suction pump and inserted into joint S. The apparatus 
is easily cleaned by pouring acetone into funnel G and connecting Q to the su 
tion pump"’. 


REAGENTS 


Acid mixture for wet decomposition, 40 ml. of perchloric acid, d 
and 60 ml. of nitric acid, d = 1.40. 
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Hydrobromic acid, d = 1.49. 

Reduction mixture. Hydriodic acid (160 ml.), d = 1.70, 45 ml. of hypo- 
phosphorous acid (H,;PO,) (50%), and 160 ml. of hydrochloric acid, d = 1.19, 
are refluxed for 1 hour. Nitrogen or carbon dioxide should be passed through 
the mixture during this operation. 

Sodium hydroxide solution, 3N, 120 grams of sodium hydroxide per liter. 

Phosphoric acid, 5M, phosphoric acid (342 ml.), d = 1.74, is diluted to ] 
liter 

Iodine solution, about 0.01N. 

Sodium thiosulfate solution, standardized 0.01N 


PROCEDURE FOR SEMIMICRO-SAMPLES 


The sample is weighed into a 50-ml. flask, A, provided with a No. 14 
tapered joint. Five ml. of the acid mixture for wet decomposition is intro- 
duced into the reflux receiver, B (Figure 1), with stopcock F closed. The con- 
denser, C, the flask, A, and the scrubber, D, are mounted according to the figure. 
The serubber is filled with a few ml. of water or 3 per cent hydrogen peroxide 
solution. Stopcock F is opened and, if necessary, flask A is heated with a 
microburner until nitrous fumes begin to form. After heating for 5 minutes, 
stopcock F is close and heating is then continued until all the nitric acid has 
been collected in B and dense fumes of perchloric acid are formed in the reaction 
flask. The heating is moderated so that no fumes are allowed to pass through 
condenser C 

When the sample is completely oxidized, the apparatus is left for a few 
minutes to cool slightly. Stopeock F is opened and the liquid in B is allowed 
to flow into A. The solution is boiled for a minute to rinse the apparatus, F 
is then closed, and most of the nitric acid is distilled into B until the first fumes 
of perchloric acid appear in A. The apparatus is then allowed to cool 

teaction flask A is removed and 8 ml. of hydrobromic acid are added. The 
flask is heated gently while bromine gas is leaving the flask and until the con- 
tents is light brown If a stream of inert gas is passed through the flask, this 
procedure is accelerated. 

The apparatus for the determination of hydrogen sulfide (Figure 2) is now 
made ready. Fifteen ml. of 5M phosphoric acid are introduced into titration 
flask P, and absorption vessel M with stopcock N open is inserted into the neck 
of the titration flask, which is then evacuated through mouthpiece R. Stopcock 
V is closed, R is removed, and the titration flask with the absorption vessel, 
now filled with 20 ml. of 3N sodium hydroxide solution, is connected to the ap- 
paratus at S. Seven ml. of the reduction mixture is added to the contents of 
flask A, which is immediately connected to the apparatus. A moderate stream 
of oxygen-free nitrogen is passed through the apparatus, and the mixture in A 
is boiled for 15 minutes. All the hydrogen sulfide is now driven over and stop- 
cock N is opened slowly, so that the adsorption solution flows down into the 
titration flask. Joint S is disconnected, and M is rinsed with a little water, 
which is also sucked down into P. Fifteen ml. of iodine solution is pipetted 
into M and sucked down. After being rinsed, assembly MNP is shaken 
vigorously for 1 minute If all the iodine is consumed, more is added and the 


shaking is repeated. When there is an excess of iodine in the titration vessel, 


the vacuum is released and absorption vessel M is removed. The excess iodine 
is back-titrated with standardized sodium thiosulfate solution, using starch 
solution as indicator. 
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CALCULATION 


a = ml, of thiosulfate solution consumed 

b = ml. of thiosulfate solution consumed by an amount of iodine solution 
equal to that added to the titration flask 

n = normality of the thiosulfate solution 

w = mg. of sample taken 

Percentage of sulfur. %S 1603(b — a)n/u 


DISCUSSION 


The main difference between wet combustion by this method and that of 
Kahane is the use of an apparatus which makes the addition of iodic acid un 
necessary. In this apparatus, contact between the gases evolved during the 
combustion is better, so that the nitrogen dioxide initially formed fills the reflux 
receiver and remains there during the whole operation. All the sulfur dioxide, 
even that which may form during the later stages, coming into contact with 
the nitrogen dioxide forms sulfuric acid, which condenses on the inside walls 
of the apparatus and is brought down into the reaction flask during the second 
refluxing operation. 

The time necessary for the complete oxidation of the sample depends on its 
nature but, in general, 10 minutes of boiling of the perchloric acid is sufficient 
The reaction time can be determined if potassium chromate is added as an 
indicator, as proposed by Smith". 

Some organic substances, usually of low molecular weight, have been re 
ported as being resistant to oxidation by perchloric acid. Among sulfur-con 


taining substances of this type, Balks and Wehrmann" have found that taurins 
and thioglycollic acid are not completely oxidized by hot perchloric acid. They 
recommend that the substance be preoxidized by treatment with alkaline 


bromine solution or that a more easily oxidizable substance, such as starch, be 
added to the sample. Jones” has found that sulfonal is of the same type and 
that this substance is not oxidized even after pretreatment with aqua regia 
The author has found that the barium salt of sulfoacetic acid is also of this type 

When the semimicromethod described was applied to these substances, in 
agreement with the previous authors it was found that the observed values for 
sulfur were low and irregular. Different methods of obtaining quantitative 
recoveries of sulfur were investigated, and the results of these experiments are 
listed in Table III. Four variations (methods 2 to 5 )of the basic procedure 
(method 1) were tried. Of special interest is the fact that the use of catalysts, as 
recommended by Smith'*, gives good results in all cases, and the catalyst does 
not interfere with the conversion of sulfate into sulfide 

Theoretical values were obtained when trimethylenethiourea, which gives 
carbony] sulfide on oxidation with nitric acid*, was determined according to this 
method: (theory, 27.59; found, 27.39 and 27.66 per cent This shows that 
this type of substance can be analyzed without special precautions 

When the sulfur content of inorganic substances is to be determined, it is 
sometimes unnecessary to carry out the wet combustion. Sulfates, sulfites 
and sulfides give up all their sulfur as hydrogen sulfide on boiling with th 
reduction mixture, but elementary sulfur does not. In the case of sulfites and 
thiosulfates, an alkaline preoxidation is recommended to avoid losses due to 
formation in the cold of large quantities of sulfur dioxide 
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The presence of barium in the sample does not involve any difficulty, al- 
though it may sometimes be wise to increase reduction time to 30 minutes. 
However, in the case of inorganic samples, it is better to treat the sample with 
2 ml. of hot perchloric acid before reduction in order to dissolve the barium 
sulfate. When the reduction mixture is added, the barium sulfate is reprecipi- 
tated in a finely divided form, which reacts easily with the reduction mixture. 
After reduction is complete, there should be no precipitate left in the reaction 
flask 

Some typical determinations on diverse pure substances, organic and inor- 
ganic, are given in Table IV. 


BIOLOGICAL AND TECHNICAL SAMPLES 


The main purpose of this investigation was not to find a new semimicro- 
technique for the determination of sulfur in pure, organic substances, since many 
such methods exist. However, the fact that the recoveries of sulfur are quanti- 
tative for a great number of pure compounds shows that the method can be 
safely applied to substances of biological and technical origin 

When technical or biological materials are to be analyzed, the sample weight 
often has to be increased for two reasons: The sulfur content may be rather low, 
of the order of 1 per cent or less, or the material may not be homogeneous, so 
that a sample of 0.5 gram or more must be taken in order to get reproducible 
results 

It is on products of this kind that the wet combustion technique would 
be expected to have many advantages, compared to dry combustion methods. 
However, the procedure cannot be made as general as the one for semimicro- 
samples, and it must be varied to suit the individual case. An injudicious use of 
perchloric acid may lead to violent reaction, but if some simple rules are fol- 
lowed, this risk can be eliminated 

The reaction of perchloric acid with organic substances has been studied by 
Smith'*, and in a recent paper by Kahane” a review is given of its applications 
in analytical chemistry. In both these papers the risks attending the use of 
perchloric acid are discussed. In the special case of sulfur determination it 
seems safe to decompose the sample with a mixture of nitric and perchloric 
acids, since the nitric acid destroys all the easily oxidizable substances, leaving 
only a residue of material more resistant to the perchloric acid. When nitric 
acid is used, the temperature of the acid mixture rises slowly and smoothly, so 
that the oxidizing power of the perchloric acid is gradually increased, thereby 
effecting a progressiv« breakdown of the sample. If a new substance or ma- 
terial is to be investigated a small sample, 50 mg. or so should be decomposed 
by the semimicromethod, and if the decomposition proceeds without charring 
or excessive foaming, the sample weight can be increased. If charring occurs, 
the amount of nitric acid can be increased or the time for reflux boiling pro- 


longed. The use of catalysts according to Smith'* may speed up the procedure 


appreciably 

For example, when samples of wood are to be decomposed, 5 ml. of the acip 
mixture and an additional 5 ml. of nitric acid are used for decomposition. The 
reaction flask is heated a little until a reaction starts, giving rise to large amounts 
of nitrous gases. When this reaction has subsided, the sample is dissolved, 
and the procedure given for semimicro-samples is followed. When the nitric 
acid is almost driven over into the reflux collector, the flame is moderated so 
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that the perchloric acid does not react too rapidly, thereby driving fumes of 
perchloric acid out of the apparatus. 

These directions for wood samples can be followed with only minor modi- 
fications for most types of plant material. The amounts of hydrobromic acid 
and reduction mixture should be chosen so that the proportions remain the same 
as those in the semimicroprocedure. However, if extra nitric acid is added, 
there is no need to increase these quantities, since the amount of perchloric acid 
left in the reaction flask is unchanged. 

The method has also been applied to a few samples of technical products of 
other kinds. Samples of leather, coal, rubber, plastics, hair, light concrete, and 
mortar were analyzed. Some of the results are listed in Table V. These 
samples have been analyzed mainly as described for wood samples; in the case 
of concrete and mortar, the same results were obtained if the wet decomposition 
was omitted. The method should be suitable for all materials that can be de- 


TaBLe V 
Some Examp.Les, ANALYSIS OF TECHNICAL PropuctTs 


Amount 
taken %s % 8 
Substance meg Found Expected 
Rubber D-O 60.07 0.831 0.79 
Rubber D-1 66.89 0.785 0.79 
Rubber D-2 90.40 0.782 0.79 
Poly (methy! methacrylate) 1081 0.064 0.06 
945.5 0.063 0.06 
Leather 031154 194.77 ) 
36.90 ) 
Calves’ hair 263.0 
Light concrete 69.28 
69.40 
Mortar, weathered 98.54 


fl 
Hf 
66 
i 
1 


l 
l 
3 
9 
2 
2 


composed by wet decomposition. In the case of aqueous solutions it is wise to 
add some hydrogen peroxide to the sample, so that neither hydroge n sulfide nor 
sulfur dioxide may escape before the concentration of nitric acid has reached an 
oxidizing level. 


SUMMARY 


Difficulties in the determination of sulfur in wood and pulp samples by the 
conventional method of Grote and Krekeler have been overcome by applying a 
wet combustion technique, using perchloric and nitric acids. The sulfur is re 
duced to hydrogen sulfide by boiling with a reduction mixture, and determined 
iodometrically. The method gives quantitative yields for pure organic com 
pounds, and is suitable for a great variety of samples with sulfur contents from 
0.01 to 100 per cent. Sample weights can be varied from 9 mg. to 5 grams 
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SPOT TEST REACTION FOR THE DETECTION 
OF ELEMENTAL SULFUR * 


Fritz FeigL AND CEcILE STARK 


LABORATORIO DA Propvcao Minerar, MIniarerio ba 
Rio va Janeiro, Bras 


Various procedures have been recommended for the spot test detection of 
elementary sulfur in solid materials or dissolved in organic liquids'. These 
tests are reliable and some of them are very sensitive; however, they are not 
particularly rapid. None of them involves the formation of hydrogen sulfide 
from the sulfur, a product which can be detected with high specificity and 
sensitivity. A convenient formation of hydrogen sulfide from sulfur is found 
in a study by Zymaczynski? of a macro-test for free sulfur and several ketoni 
alcohols. The basis of the test is that glycerol containing iron yields black 
iron sulfide when heated with sulfur and ketonic alcohols The reagent is 
prepared by allowing glycerol to stand with iron filings for several weeks with 
access to air. Zymaczynski states that 0.1 mg. of sulfur dissolved in 1 ml. of 
such glycerol can be detected if 1 ml. of glycerol containing 5 to 10 mg. of 
ketonic alcohol is added and the mixture is heated over a free flame 

The chemical basis of the test is that an oxidation-reduction reaction between 
sulfur and the ketonic alcohol produces hydrogen sulfide, which in turn 
iron sulfide with the iron contained in the reagent. Zymaczynski offers 
proof of this interpretation that much hydrogen sulfide is released when 10 mg 
of sulfur is heated with 70 mg. of benzoin Accordingly, the oxidation-reduc 
tion reaction in this case would lead to the formation of benzil and hydrogen 
sulfide: 

CesH,;CHOHCOC,H, + 8°-— CyhH,COCOC 


This test for sulfur was checked with respect t 
analysis, and it was found that the production of iron 
be recommended On the other hand, the authors have 
fusion with benzoin (melting point 137° C) at 140° to 150 
sensitive and rapid test for free sulfur, since the hydrogen sulfide forme: 


readily detected by the simple procedures of spot test : 


PROCEDURI 


The test is conducted in a micro test-tube (5 5 en few grains 
the solid sample, or | to 3 drops of a solution in carbon disulfide, benzene, ete 
evaporated to dryness, suffice Several hundre 18 Of a gram of benzoin is 
added, the mixture is stirred with a glass rod if necessary, and the open end of 


the test-tube is covered with a disk of moist lead acetate paper The tube is 


J 
then plunged into a glycerol bath previously heated to 130° C, and the tem 


perature is raised to between 140° and 150° ¢ Depending on the quantit 
of free sulfur in the sample, a black or brown stain appears on the reagent paper 
at once or within 1 to 2 minutes. 


* Reprinted from Analytwal Chemistry 
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When testing for sulfur dissolved in low-boiling solvents, it is best to place 
the benzoin in the test-tube first and then to add a drop or two of the solution. 
The test-tube should then be carefully warmed by suspending it in the glycerol 
bath, whose temperature is gradually raised. 


LIMIT OF IDENTIFICATION, 0.5 7 


This procedure is adequate for the majority of instances in which it is nec- 
essary to detect the presence of free sulfur. A greater sensitivity is attained 
by the use of a capillary tube, the open end of which is closed, after introducing 
the charge, with a loose plug of cotton moistened with lead acetate solution 

The test was tried on agricultural insecticides, pharmaceutical preparations, 
black gunpowder, match heads, vulcanized rubber, and gas purification material 
The results were excellent 

Selenium does not undergo a similar oxidation-reduction reaction with ben- 
zoin, Neither does it interfere with the tests for sulfur. A satisfactory re- 
sponse was Obtained with a mixture of 10 7 of sulfur and 25 mg. of selenium 
(1 to 2500) 

The fusion reaction with sulfur can be reversed and thus serve for the 
detection of benzoin. This procedure can be used for the detection of many 
compounds containing the secondary alcohol group. A detailed report of this 
finding will be given later 


SUMMARY 


Hydrogen sulfide is formed when free sulfur is heated with fused benzoin 
This is the basis of a new and sensitive test for free sulfur in mixtures with 
organic or inorganic substances. The heating is done in a test-tube, whose 
mouth carries lead acetate paper. The limit of identification is 0.54. Selen- 
ium does not interfere. Tests of a wide variety of commercial products gave 
satisfactory re sults 

REFERENCES 
beig Bpot Testa’, Elsevier Publishing Co., New York, 4th Ed ; $3 ol. 2, pp. 334 and 


$36 
*Zymaczynaki, Z. anal. Chem, 106, 32 (1936 


ABRASION AND SLIPPAGE 


G. Expert anp V. WEIDNER 


ExrentiuentaL Rosser Lansonarory, I. G.-Farsentnovernie A. G., Were Bapiscus 
Awintin- UND Sopa-Fanan, Lupwicsnaren A. RH., Genmany 


A CORRECTION 


Rupper CHemistry AND TECHNOLOGY, Volume 28, No. 4, pages 1082 
1095, October-December 1955, contains a paper of the title above 

On page 1095, Figure 15 states in its descriptive legend that the ordinate 
of the diagram represents the S value; the legend on the figure itself indicates 
no function (-Werte 

The ordinate of Figure 15 actually represents the L value, as stated in the 
text in the sentence beginning four lines below Figures 14 and 15 

RvuspBperR CHEMISTRY AND TECHNOLOGY is grateful to the senior author, 
Dr. G. Ebert, for calling attention to this error 
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... Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 

of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


& 


XW 


Products of Vanderbilt Research 
it Wili Pay You to Investigate... 


VANSTAY 


Vinyl Stabilizers 


A complete line of products 
for improving light and heat 
stability in Vinyl compositions 
of all types 


Investigate VANSTAY Z 


New zinc-bearing chelator 
for PVC heat protec tion 


R.T. VANDERBILT CO., INC. 


230 Park Avenue, New York 17. N.Y 
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News about 


B.EGoodrich Chemical : #sera 





name your problem... 


HYCAR CAN SOLVE IT! 


iF THIS 1S VOUR PROBLEM: HERE'S THE ANSWER: 


You manufacture shoe soles, floor tiling or 
similar semi-hard products that demand “‘leath- 
er-like’ rubber compounds. Hycar 2007, a 
high styrene copolymer in resin loom, fills the Hyca 2007 
bill. Easy to use, this material makes high qual- owe r 
ity rubber compounds in any range of hardness. 


You need an excellent non-migrating, non- 
volatile, non-extractible plasticizer for rubber 
and plastic compounds. The answer is Hycar 
1412, a liquid nitrile polymer. It can also be ms €QF 1312 
cured to hard rubber stage without requiring y ee 
costly processing equipment. 


Or you must have a modifying agent that 
improves the smoothness of extrusions and 
calendered goods. Hycar 1411, a high acrylo- 
nitrile copolymer, is specially designed to blend Hycar 1411 
easily with other Hycar poo do to achieve this onne 
quality 


You make working parts for the oil, auto- 
motive and aircraft industry that must stand up 
to air and hot oil at temperatures above 300°F. 
Hycar 4021, an acrylic ester copolymer, ex- of 
tends the useful temperature range of rubber y¢ar 4021 
to 350°F for continuous and 500°F for inter- 
mittant service. 


You make chemically blown GR-S sponge 
and want to simplify compounding and cut 
costs. A liquid GR-S polymer, Hycar 2000X68, 
has been developed to meet these requirements. Hycar 
It can be easily, economically blended with “nee 


standard GR-S for use in applications now 2000x68 
being served by GR-S 1010. 


These are only a few examples of the wide 

range of Hycar American Rubbers that are 

tailored to meet specific requirements. For AY Car 
copies of available literature listing the prop- Ba. 

erties of standard materials, write Department ° 

ER- 3, B. F. Goodrich Chemical Company, Rose Amaia Ri phen 
Building, Cleveland 15, Ohio. Cable address: 


Goodchemco. In Canada: Kitchener, Ontario. 6.F.Geedrich Chemical Compeny 


A Division of The 6. Ff Geedrich Compeny 


TTT 
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Citrus aurantiaum 
The “orange” proud prod 
uct of the West, and one of the 
most important food crops in 
the world. 


SYNTHETIC RUBBER 


1s a product of the West, too! 


Wuen you NeeED rubber for sheet- 
ing, molded or extruded goods, tires 
or other uses—Shell Chemical is 
your convenient source West of the 
Rockies. 

The Shell Chemical plant at Tor- 
rance, California, is one of the 
nation’s best-equipped for the pro- 
duction of butadiene-styrene types 
of rubber. Convenient location and 


diversity of product make Shell 
Chemical your logical source in 
the West. 

When you encounter troublesome 
technical problems —remember that 
the Shell Technical Service Labora- 
tory will help you find practical 
solutions. 

Next time you need synthetic rub- 
ber—write or call Torrance, Calif. 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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Now You Can Rely on 
Aging Results up to...) 


with the new 


"600" 


LABORATORY AGING 
BLOCK 


Designed expressly for rubber and plas 
tics laboratories suitable for test-rube 
Manufactured by ma 4ging similar to ASTM Method D-865 
Product Packaging Engineering 52-T, and aging in various fluids, such 
as oils and fuels. Meets all your high 
temperature aging requirements. 





@ AUTOMATICALLY controls temperatures from 100° to 600° F. 

@ Individual test tubes eliminate chance of circulatory air contamination 
Each test sample isolated from all others. 

@ Built-in heating elements and temperature controls. Eliminate hazardous 
noxious fumes. 

@ Partlow Indicating and Proportioning-Type Thermostat Control used for 
EXACT temperature control. 

@ All units pre-calibrated at factory for complete precision 

@ 13 holes symmetrically arranged for test tubes 38 mm. x 300 mm 

@ Operates on 200-Volt, A. C. current, with five 500-Watt, 220-Volt heaters 
for rapid heating. 

@ Entire block of precision machined aluminum with removable bottom plate 
for easy maintenance. 

@ Ail external parts baked enamel and chrome plated 

@ SIZE: 15 inches high, 18 inches diameter. Weight: 175 pounds 

@ Equipped with secondary temperature control, integral with block. Pre- 
vents override of master control unit. 


Me C.PHall G 


CHEMICAL MANUFACTURERS AKRON, OHIO 
NEWARK WN. J 
CHICAGO, ILL 
LOS ANGELES, CALIF 


Write for full details to 

THE C. P. HALL CO 

4145. BROADWAY, AKRON 6, OHIO 
Sole Distributors 
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$7. JOE lead-free ZINC OXIDES are available in a complete series of 
grades for rubber compounds. Quality control from ore to oxide is one 
of St. Joe’s most important production tools. This, together with 
prompt deliveries, unequalled and unbiased customer service, 


ounts for their rapidly increasing use in the industry 


Black Label +20 
FINE PARTICLE SIZE Fos! Cure Fann 





aU es iets A eicomee § Green Label = 42, = 43 





oe Green Label «42A3 
MEDIUM PARTICLE SIZE Siow Cure Jian 





Black Label +20-21 





Green Label *42-21 





Black Label +20 
Green Label +12, =46 


Black Label = 20-21 Pellets 
Green Label + 42-21 Pellets 





1 samples for testing sent on request 
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ANNOUNCING 
a radically new scott 


TESTER MODEL CET 


This new Scott Tester* 
makes possible the eval- 
uation ofthe physical 
characteristics of mate- 
rials in greater detail and 
with greater precision 
than ever before possible. 


COMPRESSION 
HYSTERESIS 


This Constant-Rate-of-Elongation tester in the range 0-2,000 
Ibs. tensile brings entirely new standards of versatility and 
precision to the evaluation of elastomeric materials. Load can 
be varied infinitely up to 2,000 lbs. (1000 kilograms). A uni- 
versal range of speeds is available. Hysteresis (cyclic) oper- 
ation may be controlled manually, or 100‘/, automatically. 
The electric weighting system of tremendous fiexibility, is 
unbelievably precise, and makes possible magnification of 
stretch up to 32 times actual, and enlargement of any selected 
significant portion of the stress strain curve manified up to 10 
times and depicted full load span on the chart with an accu- 
racy of 0.25". 


The bench model has an 18” stroke, and the floor model a 
72” stroke. 


“Trademark 
Request Literature 


SCOTT TESTERS, ING. ‘orien 1 
Seall Testers — Standand of the Weosld 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 


RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 


ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 


trained graduate chemists with actual rubber 





production experience. 


For the advertiser this means reaching the 


men responsible for the purchase of materials 





and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 


power in the rubber industry. 


RUBBER WORLD 
386 Fourth Avenue, New York 16, N. Y. 
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CA LCEN =E’ 


COLUMBIA-SOUTHERN PIGMENTS 
impart desired properties to rubber stocks 


Columbia-Southern’s family of white reinforcing pigments—Hi-Sil, 
Calcene, Silene—are of outstanding value in natural rubber, GR:S, 
butyl and other synthetic stocks. 

They make white or light colored goods possible; increase tensile, 
elongation or tear; improve abrasion resistance; dry sticky reclaim 
stocks to a workable consistency. 

If you have a rubber reinforcing problem, investigate Hi-Sil, 
Calcene and Silene now. Write for experimental working samples. 


COLUMBIA-SOUTHERN (a) pistmct ofrices:, Cecinnen 
CHEMICAL CORPORATION LD | 
\ Gas / 


Boston © New York © St. Louis 
Minneapolis * New Orleans 
PRSIDIARY OF PITTS AGH PLATE GLASS C . 
SUBSIDIARY OFF BURG f Gl OMPANY Dalios * Houston © Pittsburgh 
OEE GATEWAY CLHTER FITTOOURGH 22 FEMME TLV aAwiA 


Philadelphia © San Francisco 
IN CANADA, Stondard Chemical Limited and its Commercial Chemicals Division 





FOR SALE 


One (1) complete set of Rubber Chemistry 
& Technology in good condition. An 
exceptional buy for Industrial, Public or 
private library. 


For price and availability write: 


George E. Popp, Treasurer 

Division of Rubber Chemistry, A.C.S. 
318 Water Street 

Akron 8, Ohio FRanklin 6-4126 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 








SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


w 


Works at Bristol, Pa. 








VULCANIZED VEGETABLE OILS 
¢ RUBBER SUBSTITUTES » 





REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala.) 
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for rubber. 


ment iny|s. 


and bright p'S especially v 


A new white lastics. 


synthetic rubber or P 









































No. 33 CLAY 


P 














For full details, write our 
Technical Service Dept. 
Mri Tt TT 


SOUTHERN CLAYS, Ine. 


33 RECTOR STREET ° NEW YORK 6,N. Y. 
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CARBON BLACKS 


Wyex EPC 
Easy Processing Channel Black 


Arrow MPC 
Medium Processing Channel Black 


Essex SRF 


Arogen GPF 
General Purpose Furnace Black 


Aromex CF 
Conductive Furnace Black 


Aromex ISAF Intermediate 
Super Abrasion Furnace Black 


Semi-Reinforcing Furnace Black 


Modulex HMF Fast Extruding Furnace Black 
High Modulus Furnace Black 
Collocarb 


Aromex HAF 60% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 


CLAYS 


Suprex Clay . . . «. High Reinforcement 
Paragon Clay. . . . . Easy Processing 
Hi-WhiteR . . . . + « White Color 


RUBBER CHEMICALS 


Turgum S, a Butac . Resin-Acid Softeners 
Aktone . Cah +e «ee - Accelerator Activator 
Zeolen 23 ww tw tt tlt lw » Reinforcing White Pigment 


Arovel FEF 


J. M. HUBER CORPORATION ~ 100 Park Ave., New York 17, New York 


TITANIUM PIGMENT 
CORPORATION 


111 Broadway, New York 6, N. Y. 





Subsidiary ef NATIONAL LEAD COMPANY 
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VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE’ 


A Series of Water Dispersions of Latex Compounding Chemicals 
& 


Technical information and samples forwarded promptly upon request. 


ALCO OIL G&G CHEMICAL CORP. 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. 
GARFIELD 5-0621 


WEST COAST REPRESENTATIVE: NEW ENGLAND OFFICE 
H. M. Royal, Inc. Alco Oil & Chemical Corp. 
610 Industrial Trust Bidg. 
Whee., 4814 Loma Vista Ave., . 
Los Angeles 58, Calif. g by hy 
LUDLOW 9-3261 ELMHURST 1-4559 











ADVERTISE 7 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 





Advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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Essential Reading for Rubber Men— 





RUBBER: 
Natural & Synthetic 
By H. J. STERN 


New text book on Production 
and Processing including Com 
pounding Ingredients, Machin- 
ery and Methods for the 
Manufacture of various Rubber 


Products. 
200 Illustrations—491 Pages 


$12.00* Postpaid 
(Sold Only in U.S. and Canada) 


LATEX 
IN INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


Second Edition of this well 
known Text Book on Latex 
912 Pages—25 Chapters 
Bibliography—I ndexed 

$15.00* Postpaid in U.S. 
$16.00 All Other Countries 





RUBBER 
RED BOOK 


Directory of the 
Rubber Industry 
Contains Complete Lists of Rub 
ber Manufacturers and Suppliers 


of Materials and Equipment, 


Services, et 
Tenth Issue—1955-56 Edition 


$10.00* Postpaid 





RUBBER AGE 


The Industry's Outstanding 


Technical Journal Covering the 
Manufacture of Rubber and 


Rubberlike Plastics Products 


SUBSCRIPTION RATES 


U.S Canada Other 
$5.00 $5.50 $6.00 
8.50 9.50 


11.50 13.00 


» to 3 months) 50¢ 


over 3 months) 75¢ 





PALMERTON PUBLISHING CO., INC. 
101 West 31st St., New York 1, N. Y. 


*) Add 3% Sales Tax for Copies to New York City Addresses 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 





INDEX TO ADVERTISERS 


Alco Oil and Chemical Corporation 

American Cyanamid Company, Organic Chemicals Division 
American Zine Sales Company 

Cabot, Godfrey L.. Ine 

Carter Bell Manufacturing Company, The 

Columbia-Southern Chemical Corporation 

Columbian Carbon Company (opposite Table of Contents 

Du Pont, Elastomers Division (Chemicals 

Du Pont, Elastomers Division (Neoprene 

J njay, Ine 

Goodrich, B. F., Chemical Company (Hycar Division 

Goodyear, Chemical Division 

Hall, C. P Company, The ‘ 
Harwick Standard Chemical Compan) (Inside Back Cover) 
Huber, J. M., Corporation 33 
Monsanto Chemical Company 1] 
Naugatuck Chemical Division (U.S. Rubber Company) Chemicals 16 


Naugatuck Chemical Division (U.S. Rubber Company) Naugapol 17 
Neville Chemical Company 15 
New Jersey Zinc Company, The (Outside Back Cover) 
Pan American Refining Corporation, Pan American Chemicals 
Division 10 
Pennsylvania Industrial Chemical Corporation 37 


‘ Of 
Phillips Chemical Company (Philblack 

Phillips Chemical Company (Philprene 

Rare Metal Products Company 

ti hardson, Sid, Carbon Company 

Rubber Age 

tubber World 

St. Joseph Lead Company 

Scott Testers, In 

Sharples Chemicals, Ine 

Shell Chemical Corporation 

Southern Clays, In 

Stamford Rubber Supply Company 

Sun Oil Company, Sun Petroleum Products (Opposite Title 
Superior Zine Corporation 

Thiokol Corporation, Th 

Titanium Pigment Corporation 

United Carbon Company (Inside Front C 
Vanderbilt, R. T. Company 

Velsicol Chemical Corporation, Industrial Division 

Witco Chemical Company (Opposite Inside Front Cover 
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IN 
LARGE 
QUANTITIES ( 








PICCOPALE 


*% 100% petroleum polymer 

*% Versatile, compatible, 
permanent 

% By the trainload, if you wish 


Pennsylvania Industrial Chemical Corp 


ee ed ee | 


The extremely low cost of PICCOPALE, and its avail 


ability in enormous quantities make this new type of 
9etroleum resin ideal for use as a basic raw material. It 
is chemically inert—not affected by acids, and alkalies; 
moisture-proof; compatible; soluble in naphthas, chlor 
inated and other solvents.Available in liquid solution 
or in flaked or solid form 


WRITE for complete data, specifications and samples 





PENNSYLVANIA INDUSTRIAL CHEMICAL CORP, 
Cisiston, Penna. 
Please send me @ copy of your bulletin describing 
_ PICCOPALE ond samples of grade tor (application) 

















RI 


_ 
— 


J 


3ER CHEM. & TECH.—July-Sept 


reLY on NEOPRENE 


TO MAKE A BETTER PRODUCT 


There’s a type to meet your exact requirements... 


DRY NEOPRENE 


GENERAL-PURPOSE TYPES 


TYPE W 
age stability and excellent processing 


Possesses outstanding stor 


characteristics. Produces’ vulcani 
zates having light color, good heat re 
sistance and low set 

TYPE wet the 
properties of Type W are desired plus 


to 


For use wherever 


maximum resistance crystalliza 
tion 

TYPE WHY 
when loaded with substantial amounts 


It is a high-viscosity 


For low-cost compounds 


of oil and filler 
Type W 
TYPE GN 
staining and light-colored compounds 
TYPE GN-A 


Suitable for use in non 


Contains a stabilizer that 


results in improved storage stability; 


will stain and discolor 

TYPE Gat Recommended for com- 
pounds requiring improved tack re- 
tention and maximum resistance to 
crystallization 


SPECIAL-PURPOSE TYPES 
TYPEAC... . Especially developed for 
quick-setting adhesive cements. Su- 
perior in stability and color 
TYPE KNNR . Especially developed for 
high-solids cements, putties and 
doughs 
TYPES Especially developed for 
crepe soles. Also used as a stiffening 
agent during processing of other neo- 
prenes 


1956 


a ne cenit tala ten 


eee te ne 


NEOPRENE LATEX 
TYPE S71 ; r se type TYPE 572 
et ' f esives. TYPE GOTA 14 
' TYPE 735 


exte TYPE 736 
TYPE 842A 


TYPE 950 is 





E. I. du Pont de Nemours & Co. (Ine.) 
Elastomers Division 


NEOPRENE RESISTS: - 


DISTRICT OFFICES: 


Akron 8, Ohio, 40 E. Buchtel Ave .--POrtage 
Atlanta, Go., 1261 Spring St., N.W TRinity 
Boston 10, Mass., 140 Federal S HAncock 
Charlotte, MN. C., 427 W. 4th St.. FRanklin 
Chicago 3, ill., 7 South Dearborn S.. AN dover 
# 35, Mich,, 13 W. 7-Mile Rd UNiversity 
Houston 25, Texas, 1100 E. Holcombe Bivd . » JAckson 
2930 E. 44th St -LOgeon 
N. Olden Ave... .+-EXport 
York call WAlker 5-3290 
Pont Compony of Concdo Limited, 
Box 660, Montreal 


Ag ZA " . ee 
-846) 
5391 
1711 
5561 
-7000 
1963 
1432 
6464 
7141 


Detr« 


Los Angeles 56, ¢ ‘ 
Trenton 6, N. J., 1750 


2SVe@ fF OUC UN 


le ub Pe 


| BETTER THINGS FOR BETTER LIVING 
bs ... THROUGH CHEMISTRY 


n New 


mioct 


— 








/ for All 
and PLASTIC 


lois | 


You can depend upon the Precision char- 

acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement . . . } 
Here is dependable assurance of uniformity 

in any type compounding material for / 
rubber and plastics to give certainty in / 
product development and production runs. /; 


Our services are offered in co- 
operative research toward the 
application of any compounding 
material in our line to your 
production problems. 


HARWICK STANDARD CHEMICAL CO. 


AKRON 6, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 





acu HORSE 
FASTER... 
lof han 
with OXI DES 


.. +» Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 

1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 

and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound, Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


..- Because you need to compromise less when you 
choose from the wide variety of Horse Head Zinc Oxides, 
..- Because the Horse Head brands can improve the 
properties of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 36, N. Y. 





